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I. INTRODUCTION TO WOUND HEALING

The skin is the largest organ by surface area in the human
body. It is the critical structure that shields internal tissues
from mechanical damage, microbial infection, ultraviolet
radiation, and extreme temperature. This makes it highly
susceptible to injury with significant impact to both individ-
ual patients and the healthcare economy. In the United
States alone, nonhealing wounds account for approxi-
mately $50 billion, scars from surgical incisions and trauma
account for nearly $12 billion, and burns account for $7.5
billion in healthcare costs each year (111, 235). Patients
with diabetes, the elderly, and patients with genetic disor-
ders such as sickle cell disease are especially predisposed to
abnormal wound healing leading to long-term sequela. As-
tonishingly, the interventions that exist have not signifi-
cantly impacted the situation. While several therapies for
wound healing are available, these are only moderately ef-
fective. Thus there is a need for more effective therapies for
healing wounds.

Skin repair requires the intricate synchronization of several
different cell types in sequential steps. In the uninjured skin,
the epidermis is the outer, impermeable layer that with-
stands the harsh external environment. The epidermis also
contains the sebaceous glands, sweat glands, and hair folli-
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cles. The dermis is rich in extracellular matrix (ECM), vas-
culature, and mechanoreceptors and provides the skin with
strength, nutrients, and immunity. The subcutaneous adi-
pose tissue underlies the dermis and functions as an energy
reserve. It is also a constant source of growth factors to the
dermis. In addition to these cell types, each layer contains
resident immune cells that are constantly surveying the skin
for damage. When the skin is wounded, multiple cell types
within these three layers need to coordinate at precise stages
to bring about healing. These stages of hemostasis, inflam-
mation, angiogenesis, growth, re-epithelialization, and re-
modeling occur in a temporal sequence but also overlap
(167). Thus skin repair is among the most complex pro-
cesses in the human body.

The first response to a wound is constriction of the injured
blood vessels and activation of platelets to form a fibrin clot
(63). The fibrin clot ceases blood flow and provides a scaf-
fold for incoming inflammatory cells. Neutrophils are im-
mediately recruited to the clot as a first line of defense
against bacteria (453). Monocytes are recruited within
48-96 h after injury and transform into tissue-activated
macrophages at the wound site (307). The adaptive immune
system comprising Langerhans cells, dermal dendritic cells,
and T cells are also activated to combat self and foreign
antigens. There is an increased interest in understanding the
heterogeneity within these immune cell populations, espe-
cially how specific subsets are involved in clearance of cel-
lular debris versus resolution of infection (78, 79).

As the inflammatory phase ends, angiogenesis occurs. An-

giogenesis involves endothelial cell proliferation, migration,
and branching to form new blood vessels. Concurrent with
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proliferation of endothelial cells, pericytes within the basal
lamina are activated (9) which scaffold and provide struc-
tural integrity to the endothelial cells (10). Some groups
suggest that these activated pericytes are mesenchymal stro-
mal cells with increased plasticity (73). In addition to the
local cells, circulating progenitor cells from the bone mar-
row are also found to support new blood vessel formation
during wound healing (12, 53,225, 412). New blood vessel
formation involves several cell types with most of the cellu-
lar diversity occurring within the perivascular space.

While new blood vessels emerge, resident fibroblasts prolif-
erate and invade the clot to form contractile granulation
tissue. Here, some fibroblasts differentiate into myofibro-
blasts, drawing the wound margins together (263). The di-
viding fibroblasts deposit ECM and shift the wound mi-
croenvironment from the inflammatory to the growth state
(445). Re-epithelialization simultaneously occurs and in-
volves the proliferation of both unipotent epidermal stem
cells from the basement membrane and de-differentiation of
terminally differentiated epidermal cells (90). Repair of the
epidermal layer also involves reconstruction of the skin ap-
pendages. Tissue-resident stem cells for sebaceous glands,
sweat glands, and hair follicles have also been discovered,
which can activate local appendage repair (9, 24, 125).
While these epidermal stem cells are mostly unipotent in
homeostasis, they become highly plastic in response to in-
jury and can give rise to other cell types to rapidly repair the
epidermis during wound healing.

Within the subcutaneous adipose tissue, stromal vascular
cells and their subsets have been well characterized (330).
These cells release growth factors and cytokines critical for
neovascularization and wound repair. Inflammatory cells
within the subcutaneous tissue have also generated atten-
tion especially in conditions of obesity and type 2 diabetes
since increased inflammation can alter the outcome of
wound repair.

In most cases, healing restores barrier function and close to
normal tensile strength of the skin. However, unlike prena-
tal wound healing, which is a regenerative process that re-
capitulates the original skin architecture, wound healing in
adults results in a fibrotic scar that serves as a rapid patch
for the wound (167). Excessive scarring shifts the balance
towards fibrotic states of hypertrophic scarring and keloid
formation (436). There is growing evidence that scarring is
a result of differential cellular responses towards mechani-
cal stress within the healing skin (96, 464). Impairments in
the wound healing response can also lead to chronic
wounds (211). Chronic wounds are common in diabetes,
vascular disease, and aging as well as in patients suffering
from hemoglobinopathies. Improper care of these wounds
result in recurrence and can lead to limb amputations and
mortality.
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It is important to note that our current knowledge of skin
repair and the cellular architecture of healing wounds has
largely been derived using surgically constructed models of
skin injury in rodents. Murine models have been used more
often than porcine models of skin injury since it is easier to
establish impaired wound states in mice such as those dis-
played in diabetes, aging, and hemoglobinopathies. How-
ever, rodent skin unlike human or porcine skin is elastic,
lacks adherence to underlying structures, and closes by con-
traction stimulated by the panniculus carnosus or the stri-
ated muscle (132). Human skin in contrast heals by granu-
lation tissue formation and re-epithelialization. There has
been an increased shift into studying wound healing in hu-
man skin using ex vivo cultures of human skin, organotypic
cultures, and debrided skin specimens (310). When murine
models for wound healing are employed, there is an empha-
sis on application of silicone stents around the excised skin,
which prevents contraction and allows for healing through
granulation tissue formation and re-epithelialization (132).

This review will detail the role of the various cell types
involved in wound healing and the current advances in sin-
gle cell technologies that reveal phenotypic and functional
heterogeneity within these cell types. Where relevant, the
differences between murine and human skin have been
identified. This review also addresses alterations of cells of
the skin that lead to diseased states of fibrosis and nonheal-
ing wounds. Finally, we describe available wound healing
treatments and suggest avenues for therapeutic interven-
tions including development of cell-based therapies.

Il. CELLULAR RESPONSES DURING
WOUND HEALING

A. Hemostasis

Hemostasis marks the first stage of wound healing (320)
that stops bleeding after vascular damage. It occurs in three
steps: vasoconstriction, primary hemostasis, and secondary
hemostasis. The critical cell involved in this process is the
platelet; the critical matrix component is fibrinogen. In the
uninjured state, platelets are protected from untimely acti-
vation by the healthy endothelial cell monolayer (349).
Platelets in uninjured skin do not attach to the vessel wall or
aggregate with each other. Fibrinogen (factor 1) is produced
by hepatocytes and circulates in the blood (411). It is also
present within platelets but is not cleaved into fibrin fibers,
which is an essential component of the blood clot (212).

When the skin is wounded, the immediate response to stop
bleeding is vasoconstriction of the vessel walls. Next, pri-
mary hemostasis and secondary hemostasis occur via two
concurrent and mechanistically intertwined pathways
(129). Primary hemostasis involves platelet aggregation and
platelet plug formation that is elicited by exposure of colla-
gen within the subendothelial matrix. Secondary hemosta-
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sis refers to the activation of the coagulation cascade where
soluble fibrinogen is converted to insoluble strands that
make up the fibrin mesh. The platelet plug and the fibrin
mesh combine to form the thrombus, which stops bleeding,
releases complements and growth factors, and provides a
provisional scaffold for infiltrating cells necessary for
wound healing (320).

1. Vasoconstriction

Following injury, vessels constrict rapidly to reduce bleed-
ing from ruptured microvasculature. This is achieved by
reflexive contracture of the vascular smooth muscle and is
triggered by vasoconstrictors such as endothelin, released
from the damaged endothelium. Additionally, circulating
catecholamines, epinephrine, norepinephrine, and prosta-
glandins released from injured cells regulate vasoconstric-
tion (145). Platelets themselves produce platelet-derived
growth factor (PDGF) which preferentially activates mes-
enchymal cells, especially smooth muscles in the vessel walls
causing contraction (20, 315). However, initial reflexive
contraction only temporarily reduces bleeding. This is be-
cause increasing hypoxia and acidosis of the wound results
in passive relaxation of the muscle, and causes bleeding to
resume (320). Subsequent activation of the coagulation cas-
cade is needed to further regulate vasoconstriction through
the mediators bradykinin, fibrinopeptide, serotonin, and
thromboxane A, (410) and resolve bleeding in the long
term (392).

2. Formation of the platelet plug (primary
hemostasis)

Platelets were first discovered by Schultze in 1865 (34).
Bizzozero in 1881 named these cells “piastrine” or “little
plates,” which led to the term platelets (34). He was also the
first to note that platelets were involved in thrombus for-
mation (388). Platelets are anucleate cells that bud off from
megakaryocytes. Morphologically, they contain a unique
structure of open canalicular system (OCS), which are tun-
neling invaginations of the cell membrane (122). Platelets
also consist of secretory granules, of which a-granules are
the most important for platelet activity (22). During ho-
meostasis, these cells circulate in proximity to endothelial
cells. However, the intact endothelial cell monolayer exhib-
its anti-thrombotic properties where it produces nitric ox-
ide, prostacyclin, and negatively charged heparin-like gly-
cosaminoglycans that prevent platelet activation, attach-
ment, and aggregation (149).

Following wounding and blood vessel rupture, the throm-
bogenic subendothelial matrix is exposed (152). Platelets,
through G protein-coupled receptors on their surface, bind
this matrix and activate the inside-out signaling pathway
(321), which causes integrin activation and increased at-
tachment of the platelets to other platelets and the sur-
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rounding ECM. allbB3 is the most abundant integrin on
platelets that mediates attachment to fibrinogen, fibronec-
tin, and von Willebrand factor (vWF) through RGD se-
quences (432). a2B1 Integrin is the second most abundant
integrin on platelets and mediates attachment to collagen
(351). Next, activation of the outside-in signaling pathway
occurs, which increases platelet activation and modulates
the actin cytoskeleton. Filamentous actin is the most abun-
dant protein in the platelet comprising 40% of the cellular
protein in the resting state but increasing to ~70% of the
platelet protein content in the activated state (118). Change
in actin conformation transforms the free-floating disk-
shaped platelet into a rounded structure and finally to a
fried-egg-shaped cell containing pseudopodia and lamelli-
podia, which strongly attaches to the ECM, contracts, and
mechanically seals the blood vessel (388).

The activated platelet also has a large surface area due to
fusion of the intracellular granules with the plasma mem-
brane or the surface connected membranes of the OCS.
These intracellular granules secrete more than 300 active
substances (149) such as ADP, serotonin, calcium, and his-
tamine that are required for platelet activation as well as
vWEF and integrins, which are required for primary and
secondary hemostasis (22).

In addition to integrins, several other cell surface receptors
are actively involved in the platelet aggregation process.
The platelet glycoprotein Ib-IX-V and glycoprotein VI, for
example, bind immobilized vWF and collagen in the suben-
dothelial matrix, respectively, causing platelet aggregation
and attachment to the subendothelial matrix (21). Acti-
vated platelets also release compounds such as thrombox-
ane A, that increase platelet aggregation (112). Together,
these interactions result in forming the “platelet plug” (FIG-
URE 1).

Platelets within the plug release growth factors and cyto-
kines such as PDGF, transforming growth factor-g (TGF-
B), epidermal growth factor (EGF), and insulin growth fac-
tor (IGF) (320), which are important cellular mediators for
the subsequent phases of healing. The release of platelet
factors is most intense within the first hour of platelet acti-
vation, but activated platelets continue to release these fac-
tors for up to 7 days (363), exerting paracrine effects on
other cell types in the wound, including smooth muscle
cells, endothelial cells, monocytes, and fibroblasts. Due to
the abundant presence of growth factors released by acti-
vated platelets, platelet-rich plasma (PRP) has widely been
tested in small and large animal models for the treatment of
various injuries including wounds (346), with positive out-
comes. PRP contains roughly five times the normal blood
platelet count in humans, is devoid of red blood cells, and
may or may not contain leukocytes. Two methods for iso-
lating PRP were United States Food and Drug Administra-
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FIGURE 1.

Cellular responses during the hemostasis phase of wound healing. A: during hemostasis,

platelets circulate in close proximity to the vessel wall. However, anti-thrombotic agents such as nitric oxide
(NO) and prostacyclin released from endothelial cells prevent platelet attachment to the endothelial lining and
platelet aggregation. B: wounding stimulates injured cells to rapidly release vasoconstrictors that cause
reflexive contracture of the smooth muscle and temporary stoppage of bleeding. C: blood vessel rupture during
wound healing exposes the subendothelial matrix. Platelets bind this subendothelial matrix and to each other
using G protein-coupled receptors, integrins, and glycoproteins on their surface. von Willebrand factor (VWVF)
released by platelets also attaches to the subendothelial matrix. Platelets bind extracellular vVWF through their
surface receptors, strengthening the platelet plug. D: the extrinsic and intrinsic pathways lead to the activation
of Factor X, which ultimately results in the cleavage of fibrinogen to fibrin. Cross-linked fibrin binds the
aggregated platelet plug to form the thrombus that stops blood flow and provides a provisional matrix for
healing. The illustration is a simplified rendering based on current knowledge.

668

Physiol Rev . VOL 99 . JANUARY 2019 . www.prv.org

Downloaded from journals.physiology.org/journal/physrev (071.176.127.106) on February 13, 2023.



VWOUND HEALING

tion (FDA)-approved in 2009, but the outcome in patients
treated with PRP has been varied.

Platelets demonstrate heterogeneity based on a-granule se-
cretion, most likely due to variations in shear stress (80).
Platelets also display spatial heterogeneity based on their
location within the growing thrombus. The core of the
thrombus usually contains highly activated P-selectin ex-
pressing platelets, and the borders of the thrombus contain
fewer activated P-selectin negative platelets (80).

While platelets are essential for hemostasis, their absence
does not bring about critical defects in wound healing. Mu-
rine experiments have indicated that thrombocytopenia, or
low platelet count, does not have a profound effect on heal-
ing wounds. Mice with thrombocytopenia show increased
macrophage and T cell numbers, but no changes in growth
factor release, rate of wound re-epithelialization, collagen
synthesis, or angiogenesis compared with normal mice

(399).
3. Coagulation and reinforcement of the platelet plug

Platelets provide the surface for the assembly and activation
of coagulation complexes. The classic coagulation path-
ways are the intrinsic and extrinsic pathways, both of which
are activated by exposure of the subendothelial matrix, and
lead to factor X activation. Following activation of factor X
by either pathway, prothrombin gets converted into throm-
bin, which cleaves fibrinogen into fibrin. Factor XIII cova-
lently crosslinks fibrin, which binds the aggregated platelet
plug forming a definitive secondary hemostasis plug or the
thrombus. The thrombus also serves as the provisional
wound matrix for the infiltration of other cells in the sub-
sequent stages of healing.

B. The Inflammatory Phase of Wound
Healing

1. Mechanisms of inflammatory cell recruitment

Since wound healing involves several steps, it is important
to understand the first signals that activate the cellular re-
sponse in the wounded tissue. Activation of the transcrip-
tional machinery takes time. Thus the wound first turns on
transcription-independent pathways that can readily be ac-
tivated. These include Ca*" waves, reactive oxygen species
(ROS) gradients, and purigenic molecules. Increase of intra-
cellular Ca** occurs at the wound edges within the first few
minutes of injury and propagates to the center of the wound
(230). Damage-associated molecular patterns (DAMPs),
hydrogen peroxide (H,O,), lipid mediators, and chemo-
kines released by injured cells also provide signals for the
recruitment of inflammatory cells, especially neutrophils.
DAMP molecules include DNA, peptides, ECM compo-
nents, ATP, and uric acid. Studies across various organisms
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have displayed that rapid production of H,O, in the wound
minimizes infections, activates keratinocyte regeneration,
recruits neutrophils, and promotes new vessel formation

(428).

Chemokines are small 8- to 10-kDa proteins that contain
cysteines in their molecular structure. The most promi-
nent cytokines are the CC cytokines that contain two
adjacent cysteines and the CXC cytokines, in which the
two cysteines are separated by one amino acid. The CXC
cytokines are ELR+ if they have glutamic acid (E), leu-
cine (L), or arginine (R) in front of the first cysteine
residue. ELR+ chemokines preferentially attract neutro-
phils and are angiogenic (264). ELR- chemokines do not
contain the ELR residue and preferentially attract lym-
phocytes (264). To date, 47 chemokines have been identi-
fied. Chemokines bind to cells on G protein-coupled recep-
tors (GPCRs) called chemokine receptors. Some chemokine
receptors are exclusive to one chemokine, but many bind
more than one chemokine, triggering activation of down-
stream pathways that lead to directional cell movement, or
chemotaxis (264). The production of chemokines in the
wound is time- and dose-dependent and is initiated by the
presence of bacteria, cleaved fibrin or pro-inflammatory
factors such as tumor necrosis factor (TNF)-a.

In addition to purigenic molecules, mast cells have been
discovered to recruit inflammatory cells immediately after
injury. These cells, which otherwise are involved in allergic
responses, contain various mediators in their granules. Im-
mediately after injury, mast cells release factors that include
inflammatory cytokines, vasodilation agents, vascular per-
meability factors, and proteases that enhance the recruit-
ment of immune cells into the wound (303). Mice lacking
specific mast cell enzymes such as mast cell proteases 4 and
5 display reduced neutrophil recruitment, indicating the
significance of mast cells in early inflammatory cell recruit-
ment during wound healing (480).

2. Neutrophils in wound healing

Neutrophils are usually not observed in the normal skin.
They are produced in the bone marrow from promyelocytes
and are recruited as “first responders” from the bone mar-
row in response to “find me” signals including DAMPs,
hydrogen peroxide, lipid mediators, and chemokines re-
leased from regions of injury or infection (393). There are
more than 30 different surface receptors including GPCRs,
Fc receptors, integrins, and pattern recognition receptors
that aid the neutrophil in detecting these injury signals. On
the day following injury, neutrophils constitute 50% of all
cells in the wound (142). Activated neutrophils can release
factors to prolong and amplify further neutrophil infiltra-
tion (393). Neutrophils destroy infectious threats by releas-
ing toxic granules, producing an oxidative burst, initiating
phagocytosis, and generating neutrophil extracellular traps

(NETs).
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Neutrophils develop unique granules during various stages
of development, each containing a specific set of antimicro-
bial agents geared with a specific task. Azurophilic (or pri-
mary) granules are the first granules to form, while the
neutrophil is still in the bone marrow (393). They are also
the last granules to undergo exocytosis and mainly destroy
bacteria intracellularly, by fusing with the phagolysosome.
Azurophilic granules contain myeloperoxidase, azurocidin,
lysozyme, bacterial permeability increasing protein, and
serine proteases such as capthepsin G, elastase, and pro-
tease 3 (453). Secondary granules or specific granules are
the next to form and contain human cationic antimicrobial
protein (hCAP-18), lactoferrin, matrix metalloprotease 8
(MMP-8), and collagenase-2 (453). Gelatinase granules
contain MMPs with gelatinase activity. Secretory vesicles
are the last to form. They contain integrins, growth factors,
and cytokine receptors that are released rapidly from the
cell.

Proteases comprise a major portion of all the toxic granules.
Proteases are important for both antimicrobial activity and
break down of the basement membrane and ECM, allowing
neutrophils to leave blood vessels and enter the injured
tissue (327). The main serine proteases are cathepsin G,
elastase, and protease 3, which are stored in the azuro-
philic granules, and break down elastin, fibronectin,
laminin, vitronectin, and collagen IV (453). They also
activate MMPs and inhibit protease inhibitors exacerbat-
ing the proteolytic response. Elastase knockout mice
show reduced effectiveness of clearing bacteria (17), sug-
gesting its importance in wound healing. However, in-
creased production of neutrophil-derived proteolytic en-
zymes, as evidenced in chronic wounds, can lead to cleav-
age of growth factors, growth factor receptors, and
ECM, impairing vascular processes and blood flow as
well as causing tissue damage (363).

Activated neutrophils additionally produce NETs, which
are chromatin filaments that extend into the extracellular
space and are coated with histones, cytosolic proteins, and
proteases for the capture and elimination of exogenous bac-
teria, fungi, and viruses (209, 479) (FIGURE 2). There are
two ways by which these traps are released into the extra-
cellular space. In the first method, elastase and myeloper-
oxidase produced in the azurophilic granules lyse parts of
the nuclear and plasma membrane, unfolding chromatin
and releasing it into the cytosol and the extracellular
space. This process causes the rupture of the neutrophil
membranes and death of the cell (suicidal NETosis)
(209). The second method called vital NETosis is acti-
vated by Toll-like receptor activation of platelets and
CD11a activation on the neutrophil, resulting in nuclear
budding and release of the NET through vesicles (209).
Vital NETosis allows the neutrophils to stay alive and
participate in subsequent functions such as phagocytosis.
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Neutrophils can engulf and destroy bacteria and cell debris
by phagocytosis. Neutrophils display the same stages of
phagocytosis as macrophages but contain a combination of
phagocytic receptors distinct from macrophages that allow
for the recognition of certain pathogens preferentially
(242). The antigens that neutrophils recognize can be both
opsonized and non-opsonized. Opsonized antigens are rec-
ognized and bound by Fc¢ receptors CD32, CD16, and
CD64, as well as the B2 integrin CD11b (MAC1) (239).
Once the neutrophil has probed the antigen, these Fc recep-
tors and integrins cluster and activate downstream Src and
Rho-GTPases that lead to an actin-driven extension of the
plasma membrane around the pathogen, forming a phago-
cytic cup. Activation of phospholipase C (PLC)-vy leads to
changes in calcium gradients and activation of myosin,
which helps the neutrophil seal the phagocytic cup (239).
The nascent phagosome that is formed then undergoes mat-
uration.

In contrast to macrophages that contain abundant early
endosomes, late endosomes, and lysosomes, maturation of
the phagosome in neutrophils occurs via fusion with the
various granules containing antimicrobial agents and pro-
teases (28). The fusion of the phagosome with the neutro-
phil granules is a calcium-dependent process and leads to
the degradation of the pathogen.

Clearance of neutrophils begins by apoptosis or necrosis
and subsequent engulfment by macrophages, or efferocyto-
sis (33). The matricellular protein CCN1 has been found to
be important for neutrophil efferocytosis (210). It binds
phosphatidylserine on the neutrophil on one end and to
integrins on macrophages on the other, creating a bridge
that activates efferocytosis through a Rac1-dependent path-
way (210). Failure to activate neutrophil efferocytosis can
lead to secondary necrosis where the neutrophils lyse, re-
sulting in the release of pro-inflammatory and cytotoxic
molecules, and increased tissue damage (33). Interestingly,
not all neutrophils are cleared by macrophages. A subset of
neutrophils has been shown to leave the wound site through
interstitial migration within the tissue or reentry into the
vasculature in a process called “neutrophil reverse migra-
tion” (82). Timely clearance of neutrophils is critical since
the disappearance of neutrophils begins the resolution of
inflammation. Neutrophil persistence leads to a prolonged
inflammatory state and the emergence of chronic wounds as
seen in diabetic foot ulcers, pressure ulcers, and venous leg
ulcers (56).

3. Macrophages in wound healing

Macrophages are commonly identified by the surface
marker expression CD45+/ CD11b+/ F480+ in mice and
CD45+/ Cd11b+/ CD66B- in humans. Wounding induces
an accumulation of macrophages within the first 24—48 h
at the site of injury (176). In young healthy mice, where
wounds are re-epithelialized and closed by day 14, the num-
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FIGURE 2. Role of neutrophils in wound healing. A: neutrophils are recruited to the wound in response to
calcium waves, damage-associated molecular patterns (DAMPs), hydrogen peroxide, lipid mediators, and
chemokines that are released by resident cells immediately after wounding. B: neutrophils combat pathogens
through release of proteases from their intracellular granules. They also produce neutrophil extracellular traps
(NETs) that capture pathogens through a process called NETosis. In this process, neutrophils extend chro-
matin filaments coated with proteases outside of the cell to aid in the elimination of pathogens. C: neutrophils
also perform phagocytosis in the wound. They probe antigens using surface receptors and integrins and form
a phagocytic cup that engulfs antigens. Internalized antigens are degraded by proteases within the neutrophil
granules. D: timely clearance of neutrophils is critical for the resolution of inflammation. They are either
engulfed by macrophages through efferocytosis or they can re-enter the circulation and leave the wound
through a process called reverse migration. The illustration is a simplified rendering based on current
knowledge.
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ber of macrophages in the wound peaks roughly at day 3,
decreases around day 5, and reaches near-baseline levels by
day 10 (477). The increase in macrophage number can oc-
cur through both increases in local tissue-resident macro-
phages and by monocyte recruitment from the bone mar-
row.

There is sparse information about the role of tissue-resident
macrophages in wound healing. It is likely that the tissue-
resident macrophages persist in the skin from embryonic
development and proliferate during wound healing to in-
crease in number, but this remains to be definitively dem-
onstrated. Most studies focus on monocytes, which differ-
entiate into macrophages within the wound (88). Mono-
cytes are recruited in response to platelet and mast cell
degranulation and in response to increase in hypoxia-induc-
ible factors and chemokines such as stromal-derived factor
1 (SDF1/ CXCL12). Macrophages within the wound can
also recruit additional monocytes and exacerbate the mac-
rophage inflammatory response by producing potent che-
moattractants such as monocyte chemoattractant protein
(MCP)-1 (89).

Macrophages are critical to normal wound healing and tis-
sue regeneration. Murine wounds depleted of macrophages
show delayed wound closure (151, 276). The macrophage-
depleted wounds demonstrate an influx of neutrophils as a
compensatory immune response and a decrease in angio-
genesis, granulation tissue, collagen deposition, and growth
factor release (254, 486). Conversely, increasing the num-
ber of monocytes or macrophages in the wound can signif-
icantly accelerate both normal and diabetic murine wound
healing (189). These observations in mice are consistent
with other organisms. In salamander, for example, systemic
depletion of macrophages after limb amputation results in
the permanent failure to regenerate the limb (146). Fasci-
natingly, replenishment of endogenous macrophages fol-
lowing amputation in these macrophage-depleted salaman-
ders restores limb regeneration (146).

In the early stages of wound healing, macrophages are mi-
crobicidal and pro-inflammatory, expressing TNF-a and
interleukins (IL)-6 and IL-18 (105) (FIGURE 3). These mac-
rophages are commonly referred to as M1. Pro-inflamma-
tory macrophages recognize and engulf pathogens into in-
tracellular organelles called phagosomes, which are high in
ROS and rapidly kill most pathogens (379). Pro-inflamma-
tory macrophages also synthesize MMPs, which allows
them to digest the ECM and thrombus to aid in their mi-
gration (386). The digested ECM fragments function as
immunostimulatory DAMPs, exacerbating the pro-inflam-
matory state of the wound (386). Pattern recognition recep-
tors on macrophages recognize and bind to these DAMP
molecules, activating classical inflammation pathways
through Toll-like receptor and inflammasome signaling
(401). Apart from being bactericidal, macrophages also
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perform efferocytosis which is critical in eliminating ex-
pended neutrophils within 3-4 days of wounding (263,
357). Improper clearance of neutrophils, as previously de-
scribed, leads to nonspecific tissue degradation and a per-
sistent inflammatory state.

With the resolution of inflammation, the inflammatory
macrophage phenotype transitions into an anti-inflamma-
tory cell type called the alternatively activated macrophage
or the M2 macrophage (133). Anti-inflammatory macro-
phages contribute to new vessel formation (240, 280), and
increased macrophage numbers during this stage correlate
with high microvessel density (69, 297). Pro-vascular mac-
rophages in the wound are found to express the surface
marker Tie2 which is also expressed on endothelial cells and
some hematopoietic stem cells (108). These macrophages
can participate in blood vessel anastomosis by fusing the
branching endothelial vessels and connecting them to the
systemic vasculature by a process called “vascular mim-
icry” (108, 304). These cells can also release growth factors
such as vascular endothelial growth factor (VEGF) that are
important for blood vessel sprouting during angiogenesis
(456). Due to their spatial and phenotypic similarities to
endothelial cells, the pro-vascular macrophages are com-
monly mistaken to be circulating endothelial progenitor
cells. Macrophages can similarly participate in fusing lym-
phatic vessels (265). Interestingly, macrophage metabolism
also affects neovascularization and determines whether the
new vessels are functional and covered by pericytes, or ab-
normal and leaky (295, 444).

During the proliferation stage, macrophages actively signal
to dermal fibroblasts (319). A CD206+/CD301b+ macro-
phage subset induces the fibroblast to myofibroblast transi-
tion in both mice and humans, increasing collagen and
a-smooth muscle actin deposition in the wound (369, 485).
Macrophages can also transition into fibrotic cells, depos-
iting collagen and other ECM components themselves.
These macrophages are referred to as fibrocytes or M2a
macrophages (396) and contribute to scar formation (316,
463). It is currently unclear if the provascular (M2) and the
profibrotic macrophages (M2a) are unique subsets, since
neovascularization and ECM deposition in the wound are
temporally congruent. It is possible that macrophages in the
wound do not solely exist as one subset but display hybrid
phenotypes (336a, 376).

Once re-epithelialization occurs, and the wound proceeds
into the remodeling stage, macrophages in the wound re-
gain their phagocytic phenotype and acquire a “fibrolytic”
profile. These macrophages, called M2c or M,-like (376),
release proteases and phagocytize excessive cells and matrix
that are no longer required for wound closure (237). Aber-
rations in macrophage function at this stage can lead to
persistence of both excessive ECM and cells, resulting in
skin fibrosis.
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FIGURE 3. Macrophage phenotypes in wound healing. A: in the uninjured skin, circulating monocytes from
the bone marrow are constantly rolling over the inner endothelial wall within the vessel lumen and surveying for
damage. The few macrophages that are resident in the skin are prevalent in the perivascular space and can
be from embryonic sources. B: following skin injury, during the inflammatory phase of healing, macrophages
release pro-inflammatory cytokines such as interleukin (IL}-6, tumor necrosis factor (TNF}-«, and IL-18 to fight
infection. Early macrophages in the wound release monocyte chemoattractant protein (MCPJ)-1 to draw in
more monocytes from the bone marrow and heighten the macrophage response. These macrophages also
actively participate in phagocytosis of pathogens. At the end of the inflammatory phase, macrophages engulf
dying neutrophils, which marks the end of the inflammatory phase of wound healing. C: during the growth stage
of wound healing, as granulation tissue forms, macrophages release growth factors such as vascular endo-
thelial growth factor (VEGF) and platelet-derived growth factor (PDGF) that are used to signal and activate
endothelial cells to perform angiogenesis. Some macrophages deposit extracellular matrix (ECM) at this stage.
Unregulated deposition of ECM can lead to fibrosis, and such scar-forming macrophages are called fibrocytes.
D: during wound remodeling, macrophages again take on a phagocytic role where they engulf both cell debris
and excessive ECM, to bring the healed skin to a homeostatic state. The illustration is a simplified rendering
based on current knowledge.
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Altered macrophage numbers, especially in the early in-
flammatory state of the wound, have been associated with
fibrotic diseases such as keloids and hypertrophic scars (30,
463). While early pro-inflammatory macrophages are nec-
essary for normal repair, both increased or decreased num-
bers of pro-inflammatory macrophages can result in hyper-
trophic scars (HTS) (42, 228, 426). High throughput tran-
scriptional analysis has demonstrated that there are atypical
macrophages that are derived from a common circulating
granulocyte and macrophage progenitor that are responsi-
ble for scar formation (355). This contrasts with typical
macrophages, which are derived from a common macro-
phage and dendritic cell progenitor. The atypical macro-
phages increase in numbers approximately at day 13 after
injury in mice (3535).

Aberrations in macrophage interactions with other cell
types can also result in fibrosis. Macrophage activation of T
cells has been shown to be important for the onset of HTS
(463, 464). The interaction between macrophages and fi-
broblasts is also critical in determining if the wound heals
without a scar. For example, increased expression of the
CD47 “don’t eat me” signal on murine fibroblasts prevents
them from being phagocytized and eliminated by macro-
phages (448), leading to excessive matrix deposition.

Macrophage dysfunction is also evident in impaired dia-
betic wound healing. Diabetic wounds have a temporal lag
in expression of chemokines which are required for both
monocyte recruitment and macrophage activation (449).
The delayed influx of macrophages leads to delayed effero-
cytosis of neutrophils, ECM, and wound debris, and a de-
layed onset of the proliferation phase (216). Eventually, a
chronic state of inflammation is established with macro-
phages and apoptotic cells prevailing even in the remodeling
stage of healing (449). Aberrant macrophages in diabetic
wounds are also compromised in growth factor release and
promoting neovascularization (265).

The literature on macrophages in wound healing is vast, yet
the diversity of macrophages within the wound and the
relationship between macrophage origin (fetal-derived vs.
adult bone marrow-derived) and function remains unstud-
ied. The differences between macrophages and dendritic
cells in the healing wound have also not been definitively
elucidated.

4. Mast cells in wound healing

Mast cells were discovered by Paul Ehrlich in 1978 (103).
Progenitors for mast cells are derived in the bone marrow
and migrate to perivascular regions of the connective tissue
of the skin and mucosa, where they differentiate into mast
cells (385). In the skin, they primarily function as effectors
of allergic reactions, mediating immunoglobulin E (IgE) re-
actions and fighting helminth infestations. Whether mast
cells are necessary for wound healing is unclear since there
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are contradictory findings in the wound healing outcomes
in mast cell-deficient mice (288, 443). However, mast cells
interact with several other cell types during wound healing
(11) which will briefly be discussed here. Mast cells are also
found to be mechanoresponsive, and there is growing evi-
dence that these cells contribute to the scarring response in
conditions such as hypertrophic scarring and scleroderma
(7, 114, 218).

In the early stages of wound healing, mast cells release an-
timicrobial peptides that prevent infections of the skin (84,
372, 438). They synthesize the enzymes chymase and tryp-
tase, important for ECM breakdown, as well as histamines
and VEGF inducing vascular permeability and allowing
neutrophil influx (98, 480). Mast cell histamine is found to
stimulate keratinocyte proliferation and re-epithelialization
(443). Mast cell tryptase and histamine enhance fibroblast
proliferation and collagen synthesis, which enhances
wound contraction (3, 136).

Increased mast cell numbers are implicated in scarring and
skin fibrosis (454). Their role in scar formation has been
tested using a model of fetal wound healing. This model is
based on the paradigm that wounds in mice at embryonic
day 15 heal without scar, while wounds at embryonic day
18 display scar. Interestingly, injection of mast cell lysate
into wounds at embryonic day 15 can shift scarless healing
into scar formation (469). Conversely, knocking out mast
cells at embryonic day 18 results in reduced scar formation
(469). While these studies provide evidence of the presence
of mast cells in the scar response, the exact mechanisms that
underlie this process need to be characterized. Similarly, the
role of mast cells in chronic wounds remains insufficiently
studied (471). While there is evidence that there is reduced
mast cell number and reduced degranulation in diabetic
wound healing, more studies are needed to characterize the
role of these cells in impaired wound healing states (409).

Mast cells from different tissues display heterogeneity in
function (326) where their phenotype alters based on alter-
ations in their microenvironment (286). Since the wound
microenvironment undergoes several changes, different
mast cell subsets with unique functions may exist in the
wound, and these remain to be characterized (471).

5. Dendritic cells in wound healing

Dendritic cells (DCs) are antigen presenting cells that are
involved in priming T-cell responses. Within the epidermis,
they manifest as Langerhans cells. Langerhans cells are
named after Paul Langerhans who identified these cells
within skin sections in the 1800s and based on their mor-
phology postulated they had a neurologic function (343).
Dendritic cells as they are known today were identified and
named much later in 1973 by Ralph Steinman (390, 391).
Both Langerhans cells and the dermal DCs are found in the
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skin-draining lymph nodes at the time of infection in the
skin.

There has been some debate about DCs being a type of
macrophage since both cell types are part of the mononu-
clear phagocytic system, express common surface markers,

ger cells that phagocytize cellular and ECM degradation inter-
mediates and microorganisms (402). They have weaker anti-
gen presenting ability compared with DCs. DCs, when en-
countered with antigens, present the antigen to T cells within
the dermis and migrate into the draining lymph nodes where
they continue to activate T-cell responses (402).

and respond to the same growth factors (192). While it can
be difficult to distinguish macrophages and DCs based on their
surface markers, they are currently characterized based on
their primary functions. Macrophages are considered scaven-

Within the murine dermis, there are usually two subtypes of
resident DCs, the CD11b+ DCs and the CD103+ DCs
(FIGURE 4). The CD103+ dermal DCs in mice are similar to

Vy5- cell i @ O

D103+ DC (mice)/ Vy5+ cell CD4+ Trm cell

CD11b+ DC (mice)/
CD141+ DC (human)

CD1c+ DC and
CD14+ DC (human)

\ IFNa/b

Y

CD8+ T cells

CD4+ T cells

Draining lymph node

FIGURE 4. Dendritic cells (DCs) and T cells in the wound healing response. A: dendritic cells within the murine
dermis can be CD103+, which correspond to CD141+ DCs in humans, or CD11b+, which correspond to the
CD"c+ and CD14+ subset in humans. The CD103+ DCs mainly activate CD8+ T cells, and the CD11b+ DCs
mainly activate the CD4+ T cells in the draining lymph nodes. The wounded skin also contains plasmacytoid
dendritic cells (pDCs) that are activated to release interferon (IFN)-o/B that is important to the acute
inflammatory response. Within the epidermis, Langerhans cells with high expression of Langerin (CD207) are
the main antigen presenting cells. Langerhans cells are derived from early myeloid progenitors in the embryo
and persist in adult skin. B: T cells in the skin can either be y6+ or aB+. y5+ T cells of the epidermis are also
called dendritic epithelial cells (DETCs). These cells survey the epidermis for infection and produce growth
factors that are critical for signaling epidermal cells during wound healing. ¥+ T cells of the dermis are either
Vy5-positive that release tumor necrosis factor (TNF)-a and activate dermal DCs to release interleukin (IL)}-12,
or they are Vy5-negative that produce IL-17 following infection. These yo+ T cells can migrate to the draining
lymph nodes and continue to activate DCs. The aB+ T cells in the dermis mainly consist of CD4 + subsets, while
the aB+ T cells of the epidermis are the CD8+ killer cells. The illustration is a simplified rendering based on
current knowledge.
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the CD141+ DCs in humans (40, 170). These cells are also
langerin-positive and low for CD11b expression. They are
responsible for cross-presenting antigens for induction of
CD8+ T-cell responses, identifying dead cells and playing a
role in viral immunity. DCs recognize F-actin and other
DAMPs on dying cells through their cell surface receptors
such as clec9A and prime CD8+ T cells in eliminating these
dying cells (6, 483). They recognize viruses through surface
receptors such as TLR3, which binds dsRNA, an intermediate
of viral infections (100, 178). The CD11b+ DCs in mice cor-
respond to two different subsets of DCs in humans: CD1c+
DCs, which are similar to splenic CD8- DCs, and CD14+
DCs, which are derived from monocytes. The CD11b+ DCs
preferentially present antigens to CD4+ T cells during infec-
tion (16). They can also present antigens to T, cells to
dampen the adaptive immune response (269).

Langerhans cells are involved in surveillance of microor-
ganisms and contact hypersensitivity (271). They are de-
rived in the embryo from early myeloid progenitors (EMPs)
that migrate into the epidermis during the embryonic stage
(258, 272, 313) and persist into adulthood where their
numbers are maintained by signals from adjacent keratino-
cytes (271, 272). They derive their name from the surface
receptor CD207 or Langerin (271). Upon antigen recogni-
tion, Langerhans cells downregulate e-cadherin expression
that maintains their contact with keratinocytes (403). This
allows for their migration from the epidermis through the
dermis into the draining lymph nodes where they initiate a
T cell-mediated adaptive response (219, 258).

In addition to the resident DCs, plasmacytoid dendritic cells
(pDCs) that are absent in the skin under normal conditions
are recruited into the healing skin following injury or infec-
tion (158). pDCs usually circulate in the bloodstream and
are present in the secondary lymphoid organs (459). Fol-
lowing skin injury, there is an early and short-lived infiltra-
tion of pDCs into the wound, where in response to self-
nucleic acids released by the wounded cells, they are acti-
vated to produce interferon (IFN)-o/f through TLR7 and
TLRY (158). Depletion of pDCs during wound healing sig-
nificantly impairs the acute inflammatory cytokine response
and delays wound re-epithelialization (158).

Most of the work on DCs in the skin remains restricted to
conditions of infection rather than wound healing. This is
most likely because DCs like many other immune cells
are difficult to distinguish and isolate based on their sur-
face marker profile. While CD11c is widely used for the
isolation of DCs, several other cell types including natu-
ral killer cells, activated CD8+ T cells, and certain sub-
sets of macrophages express CD11c. Similarly, several
cells in the epidermis including dendritic epithelial T cells
(DETCs), intraepithelial lymphocytes, and aB T cells ex-
press markers such as CD103. Single cell technologies
will be helpful in determining how these various immune
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cells in the skin differ from each other based on both
surface markers and function (177).

6. T cells in wound healing

There are two variants of T cells in the human epidermis
and dermis: y6+ T cells and a8+ T cells (29). While human
skin mainly contains aB+ T cells in the dermis, murine
epidermis mainly comprises yd+ T cells, also called DETCs,
owing to the morphology of the cells (19, 274). DETCs
migrate from the fetal thymus into the epidermis where they
survive and proliferate slowly in response to signals from
interleukins (especially IL-15) to reach homeostatic num-
bers (474). They reside in the basal layers of the epidermis
and extend their dendrites into the suprabasal layers where
they proactively participate in surveillance of ligands that
emerge during conditions of epidermal stress such as infec-
tions or the presence of transformed cells (61). In the skin,
DETCs are nonmigratory (155) (FIGURE 4). Most T-cell
studies in wound healing focus on the DETCs most likely
since 1) these are the only subtype of T cells that release
cytokines and growth factors that act on keratinocytes and
facilitate wound re-epithelialization (197, 199), 2) mice
lacking DETCs show significant delay in wound closure
(197, 215), and 3) DETCs express a canonical T-cell recep-
tor, Vy3Vé1, that is specific to T cells in the skin (196).

Upon injury to the skin, wounded keratinocytes upregulate
ligands such as SKINTs and CD100, which lead to the
activation of DETCs (215, 458). Within 24—48 h following
wounding, DETC morphology changes from a dendritic
structure to a rounded morphology (197). These activated
DETCs release keratinocyte growth factors (KGFs) and
other factors, importantly KGF-1, KGF-2, and insulin
growth factor-1, which positively impacts proliferation of
keratinocytes in the wound (172, 199). Mice lacking
DETCs show delayed wound closure through reduced ker-
atinocyte proliferation, delayed infiltration of macro-
phages, and lesser deposition of ECM such as hyaluronan
(197, 198). Impaired wound healing in aged mice is attrib-
uted to the dysfunctional signaling between injured keratin-
ocytes and DETCs (215).

The y8+ T cells of the dermis can cycle in situ and are
dependent on IL-7 for their development and survival
(397). They are important to the resident cutaneous surveil-
lance program since they positively influence expansion of
CD4+ T cells in the skin draining lymph nodes and increase
recruitment of neutrophils into the skin following infection
(397). v8+ T cells can be Vy5-positive or Vy5-negative.
The Vy5-negative dermal T cells are IL7R" CCR6™ (155)
and are derived from perinatal thymocytes (155). These
dermal T cells are mainly responsible in producing IL-17 in
the first hours to days following skin infection (155). The
Vv5-positive dermal T cells can produce TNF-a and stim-
ulate DCs to produce IL-12. They are also migratory and
move to the skin-draining lymph nodes following infection,
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where they enhance DC function (284). y8+ T cells increase
in the skin of patients with psoriasis, and T-cell prolifera-
tion in this disease is dependent on the presence of TNF-a in

the skin (32, 44).

The aB+ T cells in the skin display memory and consist of
CD4" helper cells, CD8 ™ killer cells, and T, subsets (178).
These cells can either be passing through the circulation or
have permanent residence in the skin, being disconnected
from the circulation. The latter are called tissue-resident
memory cells or Trys (178). In murine skin, the CD4™ sub-
sets of both circulating and resident cells are restricted to
the dermis, while CD8™ subsets are sequestered in the epi-
dermis (35, 137, 256, 484). When there is an infection,
CDS8™ cells are sometimes recruited from the epidermis into
the dermis where they persist for ~1 month after the reso-
lution of infection, and then return to the epidermis to re-
store the homeostatic state (137).

Invariant natural killer cells (iNKTs) are a distinct lymphocyte
subset that coexpress the a8 T-cell antigen and the NK cell
marker. iNKTs have important roles in regulating the allergic
response, autoimmune diseases, and protecting against patho-
genic infections (144, 423). iNKT cells mediate acute wound
healing by producing IFN-vy. Mice lacking iNKT cells show
significantly delayed wound closure with lesser collagen and
a-smooth muscle actin deposition, and impaired new vessel
formation (406). iNKT cells also prevent the prolonged in-
flammatory response mediated by neutrophils (405).

Aberrations in T-cell function have been correlated with
skin fibrosis. Human HTS resulting from burn injuries
show an increased presence of T cells (50). Murine studies
support this observation and demonstrate that scar forma-
tion results from the activation of a T2 CD4 T-cell re-
sponse involving the interleukins IL-4, IL-5, and IL-13
(300, 434, 472, 473). The activation of T-cell pathways in
HTS is also attributed to increased mechanical forces within
the healing skin (463).

Thus there is a lot of diversity in the types of T cells in the
skin, yet their role in wound healing and dysregulation in
fibrosis needs further elucidation. DETCs remain the most
studied of the T-cell subsets, but the absence of the surface
markers CD4, CDS8, or CD28 on DETCs makes them dif-
ficult to isolate and characterize. How the y8+ T cells differ
in function compared with a8+ T cells during wound heal-
ing also needs further elucidation.

C. The Growth Phase of Wound Healing

1. Formation of granulation tissue and
neovascularization

During the proliferative phase of wound healing, new con-
nective tissue or granulation tissue is formed concurrently
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with other healing processes, including re-epithelialization,
neovascularization, and immunomodulation. The forma-
tion and evolution of granulation tissue was first described
by the British surgeon John Hunter in the late 18th century
and was characterized in greater detail in the 19th century
by the French surgeon Alexis Carrel. Granulation tissue is
mainly formed by activated fibroblasts, which synthesize
new ECM and help contract the wound (FIGURE 5). It also
serves as a scaffold for other cells and components including
newly synthesized ECM, new blood vessels, and inflamma-
tory cells. Granulation tissue is eventually replaced by nor-
mal connective tissue during wound remodeling (167).

Neovascularization or new blood vessel formation is criti-
cal for efficient wound healing. It is required for the delivery
of nutrients and maintenance of oxygen homeostasis, to
allow cellular proliferation and tissue regeneration to occur
(167). During embryonic development, primitive blood ves-
sels form from mesoderm-derived endothelial precursor
cells (EPCs) called angioblasts through a process called vas-
culogenesis (110). With the discovery of putative EPCs in
adult tissue, it was assumed that new blood vessels could
also form during adult tissue repair by vasculogenesis,
where bone marrow-derived EPCs could home to the repair
site and proliferate and differentiate into endothelial cells
(12). However, subsequent studies in murine models have
demonstrated that putative EPCs are largely monocytes and
macrophages, which support neovascularization. After the
initial development of the circulatory system, formation of
new blood vessels in the adult occurs predominantly
through angiogenesis (104).

Angiogenesis involves activation of local microvascular en-
dothelial cells (ECs), which line the inner surface of blood
vessels. In the presence of the hypoxic wound environment,
ECs respond to hypoxia-responsive growth factors such as
VEGF and PDGF. Activated ECs break down ECM in the
granulation tissue, proliferate, migrate, form new cell-cell
junctions, and branch out to form new capillaries (104).
Angiogenesis allows for the delivery of nutrients and main-
tenance of oxygen homeostasis, which enhances cellular
proliferation and tissue regeneration (167). Below, we re-
view the key cells in the angiogenic process, including en-
dothelial cells and pericytes. We describe the current under-
standing of circulating progenitor cells in wound healing
and describe fibroblast subtypes that support granulation
tissue formation.

2. Endothelial cells and new vessel formation

Microvascular ECs line the inner surface of blood vessels
and are the primary cell type involved in new vessel forma-
tion. Activation of ECs requires growth factors from ad-
joining cells, production of proteolytic enzymes that allow
for EC migration within the fibrin/fibronectin-rich clot, in-
tracellular EC response to hypoxia, and EC interactions
with adjoining perivascular cells. Endothelial cells initiate
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FIGURE 5. Angiogenesis during wound healing. New blood vessel formation is one of the most important
stages of wound healing. Endothelial cells at the leading edge or tip branch out or “sprout” to form new
capillaries in response to vascular endothelial growth factor (VEGF) and other growth factor signals from
epidermal cells, macrophages, and the subcutaneous adipose tissue. The endothelial cells during angiogenesis
are leaky to allow for immune cells and other circulating cells to extravasate from the blood vessel lumen into
the wound. Pro-angiogenic macrophages release growth factors for endothelial cell growth and fuse newly
forming capillaries. Activated endothelial cells upregulate surface markers intercellular adhesion molecule
(ICAM])-1, vascular cell adhesion molecule (VCAM)-1, E-selectin, and P-selectin that help with cell-cell interac-
tions with leukocytes. Deletion of these surface markers during wound healing impairs wound repair. The

illustration is a simplified rendering based on current knowledge.

angiogenesis by sprouting, where in response to pro-angio-
genic signals such as VEGF, fibroblast growth factor (FGF),
PDGEF-B, TGF-B, and angiopoietins, they proliferate and
migrate (419). However, heterogeneity within ECs exists,
and during angiogenesis, these cells either take on the role
of the lead tip cells or trailing stalk cells. Tip cells extend
their filopodia towards pro-angiogenic growth factors and
respond to positive and negative guidance cues that ensure
that vessel growth is tightly controlled and organized (138).
Stalk cells, in turn, trail the tip cells and maintain the integ-
rity of the existing vasculature. Sprouts ultimately become
endothelial tubules that connect to other vessels through the
formation of new cell-cell junctions and ECM signaling.

The decision of whether endothelial cells become tip or
stalk cells is regulated largely by the Notch pathway and its
effectors, Delta-like 4 and Jagged1, which have been shown
to control cell fate and patterning in several tissues, organ-
isms, and developmental stages (179, 395). Activation of
Notch signaling is regulated by VEGF, which is produced
by subcutaneous adipose stromal cells, macrophages, and
proliferating keratinocytes in the wound microenvironment
(138, 246). The role of VEGF-A in angiogenesis and as an
initiator of endothelial sprouting is conserved in several
species (72, 348, 373), where the tip cells respond by mi-
grating towards an increasing VEGF-A gradient, and stalk
cells proliferate in a VEGF-A concentration-dependent
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manner. In addition to their responsiveness to growth fac-
tors, endothelial cells also contain chemokine receptors.
Most of the CC and CXC receptors on endothelial cells
except for CXCR3 have been shown to promote angiogen-
esis (26).

Several other endothelial cell receptors play a critical role in
angiogenesis. In the unwounded condition, endothelial cells
have very few receptors on their adluminal surface, which
prevents binding to circulating platelets or immune cells,
but allows monocytes to roll and survey the skin (67). In
response to wounding and chemokines in the microenviron-
ment, endothelial cells express glycoprotein receptors such
as P-selectin and E-selectin that allow for leukocyte adhe-
sion and infiltration into the skin (442). Endothelial cells
also upregulate intercellular adhesion molecule (ICAM)-1
and vascular cell adhesion molecule (VCAM)-1 that arrest
leukocyte movement (279). Deletion of P-selectin, E-selec-
tin, ICAM-1, or VCAM-1 is found to impede both neovas-
culatization and wound healing, highlighting the impor-
tance of endothelial cell-leukocyte interactions in skin re-
pair (281, 394).

Integrin receptors on endothelial cells, particularly avpB3,
which is the receptor for fibrin, fibronectin, and vitronectin,
is critical for angiogenesis (419). Expression of avB3 is most
pronounced on tip cells that need to migrate through the
granulation tissue abundant in these ECM proteins. In ad-
dition to its role in angiogenesis, avB3 on endothelial cells
can attach to extracellular vWF released by platelets during
the clotting process, in the initial stage of healing (57, 115).
While most of the work on endothelial cells has focused on
their adluminal surface and their interactions with hemato-
poietic cells, endothelial cell interactions with cells on their
abluminal surface remain relatively unknown. These latter
interactions are primarily endothelial cell-pericyte interac-
tions within the vascular basement membrane. A more
thorough understanding of the juxtacrine interactions be-
tween these two cellular populations will be important to
understand neovascularization in the skin as well as in other
tissue types.

3. Pericytes in neovascularization and wound healing

Rouget in 1873 was the first to describe branched, contrac-
tile cells that wrapped around blood vessel walls. Fifty years
later, Zimmermann found that the Rouget cells aligned
themselves along the axis of the blood vessel, and called
these cells “pericytes.” Pericytes surround endothelial cells
in blood vessels and serve critical functions including desta-
bilization and stabilization of microvasculature, regulation
of blood flow, and creation of a vascular barrier to bacteria
(10, 169, 384, 389). These functions make pericytes indis-
pensible to wound healing.

The current accepted definition of a mature pericyte is a cell
embedded within the vascular basement membrane (10).
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However, this definition is difficult to apply to cells in-
volved in active neovascularization, since other cells includ-
ing vascular smooth muscle cells, fibroblasts, macrophages,
and the circulating progenitor cells also occupy the perivas-
cular space (12). Furthermore, there is no single molecular
marker known that can unequivocally distinguish pericytes
from these other cell types (10). The identification of peri-
cytes is difficult, if not impossible, in standard tissue sec-
tions, and it remains to be seen if new pericytes develop by
proliferation of pre-existing tissue-resident pericytes, or if
there is systemic recruitment of pericytes from a common
reservoir during the formation of new vessels.

Morphologically, pericytes have a large cell body with an
elongated cell membrane and can wrap around several en-
dothelial cells. Based on their morphology and physical as-
sociation with endothelial cells, they are sometimes mis-
taken as macrophages. There is also no definite distinction
between pericytes and smooth muscle cells within the mi-
crovasculature that provide tone and integrity to endothe-
lial cells. While smooth muscle cells express a-smooth mus-
cle actin (SMA), pericyte subsets have been found to either
be positive or negative for a-SMA (289). Other surface
markers such as nestin, NG2, PDGFR-, and even desmin
have been used to define these cells, but these markers need
not be coexpressed on all pericytes.

Another hypothesis is that pericytes and mesenchymal stro-
mal cells (MSCs) with multipotent regeneration capacity
arise from the same pool of cells (73). While the correlation
between the two cell types has not been studied in the skin,
MSCs isolated from the bone marrow and adipose tissue
have been shown to mimic pericytes by surrounding endo-
thelial cells and accelerating new blood vessel formation
both in vitro and in vivo (191, 225). Despite differences in
their nomenclature and classification, their spatial proxim-
ity to blood vessels, their interactions with both endothelial
cells and incoming hematopoietic cells, and their ability to
deposit ECM make pericytes important to wound repair.
Further studies, fueled by single cell technologies, could
help unravel questions related to the ontogeny, identity, and
origin of these cells.

4. Circulating progenitor cells in neovascularization
and wound healing

Since Asahara and Isner’s initial description of a putative
EPC in 1997, there has been much interest and controversy
regarding the ability of circulating cells to participate in
blood vessel repair (12). Early studies indicated that both
hematopoietic stem cells (HSCs) and non-hematopoietic pro-
genitor cells, predominantly EPCs, contribute to regenerating
blood vessels (64, 154, 305, 325, 400, 412). These stem and
progenitor cells reach the ischemic tissue in three steps. First,
chemokines released at the injured tissue cause progenitor cells
from the bone marrow to mobilize into the circulation (2, 81).
Next, the progenitor cells transit through the circulation to-
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wards increasing chemokine gradients and home preferen-
tially to the region of ischemic insult (53). Finally, the progen-
itor cells incorporate into the sprouting endothelium where the
stem and progenitor cells differentiate into endothelial cells

(400).

However, subsequent work by several independent groups
has cast doubt on whether the circulating cells are endothe-
lial progenitors and are involved in ischemia-responsive
vasculogenesis and blood vessel regeneration (165, 220,
297,322, 329, 334, 340, 424). These studies conducted in
vivo in murine models have demonstrated that circulating
progenitor cells do not form endothelial cells at sites of
injury or tumorigenesis (322, 334). Instead, it has been
shown that the circulating cells involved in new blood vessel
formation are macrophages that support endothelial cell
sprouting, or are pericytes that surround and scaffold en-
dothelial cells (25, 165, 220, 297, 305, 329, 340, 475).

Circulating progenitors have been difficult to characterize
since surface markers from the literature may not accurately
isolate the cells from the circulation or from the microenvi-
ronment of the newly forming blood vessel that contains
several other cell types. Single cell technologies will be use-
ful in definitively unraveling the identity and role of circu-
lating progenitor cells in wound healing.

5. Fibroblasts in wound healing

Fibroblasts are ubiquitously present in the connective tissue
of every organ system where they deposit and remodel
ECM. There is notable heterogeneity among fibroblasts de-
rived from different tissues, during different stages of devel-
opment and based on their activation status (377). This
heterogeneity contributes to substantial phenotypic differ-
ences between fibroblast subpopulations that translate to
variable functions in wound healing, including ECM depo-
sition and organization, secretion of growth factors and
cytokines, and immunomodulation (121). The ability to
characterize fibroblasts has been limited until recently due
to the absence of defined markers to distinguish fibroblast
subpopulations (76). However, advances in marker identi-
fication, lineage tracing, and functional assays are improv-
ing our understanding of fibroblasts in the skin. With the
use of these tools, it has been shown that fibroblasts are
comprised of different lineages and are quite plastic and
responsive to signals from the epidermis and other cells
within the dermis (92).

Fibroblast heterogeneity can be positional, defined by their
spatial orientation relative to the epidermis and epidermal
appendages. It can also be anatomical, defined by their lo-
cation in various sites within the body (387). In murine
skin, the upper (papillary) dermis and lower (reticular) der-
mis exhibit differences in fibroblast density and organiza-
tion of collagenous ECM (635). Lineage tracing studies have
revealed that initial dermal repair is attributed to the lower
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lineage fibroblasts that express myofibroblast markers such
as a-SMA (92). These cells synthesize a large amount of
ECM, which contributes to scarring. The scar-forming fi-
broblasts are also positive for Engrailed-1 and can be iso-
lated using the surface marker CD26/DPP4 (335). Impor-
tantly, inhibition of CD26/DPP4 enzymatic activity during
wound healing diminishes scar formation with clinical im-
plications (335).

Fibroblast heterogeneity also affects dermal-epidermal in-
teractions during wound repair. The dermal papilla (DP)
fibroblasts, for example, which are at the base of the hair
follicle, activate Wnt/B-catenin for hair follicle develop-
ment (238). Ablation of B-catenin within fibroblasts pro-
motes hair follicle regeneration, while activation of
B-catenin in the fibroblasts reduces hair follicle regenera-
tion (339). Conversely, epidermal stem cells in the hair fol-
licle bulge can signal to the adjacent DP fibroblasts and can
induce them to differentiate into myofibroblasts or smooth
muscle cells (127). More recently, it has been shown that
the myofibroblasts within newly forming hair follicles can
form dermal adipocytes following wounding, and this myo-
fibroblast-to-adipocyte transition reduces scar formation
(318). Dermal adipocytes may prevent scar formation by
increasing hair follicle regeneration and activating sur-
rounding fibroblasts (358, 416).

Skin fibroblasts also display anatomical heterogeneity ex-
hibiting distinct patterns of gene expression when isolated
from different locations. Differentially expressed genes in-
clude those responsible for ECM synthesis, proliferation,
and migration, processes that are fundamental for wound
healing (54). A major factor behind anatomical heterogene-
ity might be an outcome of varying fibroblast origins. Fi-
broblasts in the skin of the face, for example, are derived
from the neural crest (205, 335). Fibroblasts in the skin of
the ventral body are derived from the lateral plate meso-
derm, and fibroblasts from the dorsal skin originate from
the dermomyotome (335).

It has been hypothesized that fibroblasts can transdifferen-
tiate into endothelial cells during tissue repair, but this the-
ory has been contested and most endothelial cells during
repair have been found to arise from preexisting endothelial
cells in tissue (175, 213). It has also been suggested that
circulating mesenchymal cells from the bone marrow can
contribute to fibroblast populations in the skin during heal-
ing (109, 175); however, this remains to be definitively
shown. Although fibroblasts do not form cells of other lin-
eages, there is greater plasticity within mesenchymal cells of
the skin. In addition to positional and origin specific differ-
ences, fibroblasts also demonstrate changes based on their
activation status. It is well established that some fibroblasts
acquire a more contractile phenotype during wound healing
by expressing 8- and y-cytoplasmic actins as well as a-SMA
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which converts them into contractile myofibroblasts (131,
416) as described below.

6. Myofibroblasts in wound healing

One of the main hallmarks of wound healing is wound
contraction, which reduces the surface area of the wound
that must be reepithelialized. During this process, collagen
fibrils are organized perpendicularly to the wound edges to
increase the mechanical strength of the tissue (360). The
change in the stiffness of the wound microenvironment con-
verts the fibroblasts migrating towards the center of wound
into a-SMA-positive myofibroblasts. Myofibroblasts are a
transient cell type that deposit ECM and exhibit character-
istics of contractile smooth muscle (181, 416). These cells
are formed when fibroblasts acquire bundles of microfila-
ments in a process regulated by several cellular-ECM inter-
actions, growth factors, and mechanosensory signals within
the granulation tissue (130, 162, 353). Given that fibro-
blasts are a heterogeneous cell population (93, 387), it is
possible that only certain fibroblast subpopulations can dif-
ferentiate into myofibroblasts during wound healing (259,
335). In an injured state, local fibroblasts residing in the
uninjured dermis and subcutaneous tissue are considered
the main source of myofibroblasts (183), but there is the
possibility that myofibroblast subsets derive from other cell
types including from fibrocytes (134), MSCs (13), pericytes
(359), and epithelial cells.

Fibroblasts from the unwounded dermis and underlying
subcutaneous tissue first transition into proto-myofibro-
blasts with stress fibers in response to increased mechanical
stress. Proto-myofibroblasts only display 8- and y-cytoplas-
mic actin expression (77). The differentiation into a-SMA
synthesizing myofibroblasts occurs in response to an inter-
action of fibroblasts with EDA fibronectin, an alternatively
spliced segment of fibronectin (366) in the wound bed via
a5B1 and avB3 integrins and stimulation by TGF-B (366).
The increase of myofibroblasts in murine wounds begins at
day 3 and peaks at day 7 following wounding (18) where
they produce ECM including collagen type I and III and
a-SMA (416). a-SMA is recruited to stress fibers under high
tension, which is generated by anchoring stress fibers at sites
of focal adhesions called the fibronexus (147, 416). The
force exerted by stress fibers frees TGF-B1 from its large
latent complex allowing the strained ECM to maintain a
feedback loop that regulates persistent fibrotic activity of
the myofibroblast (96, 180).

Myofibroblasts also attach to polymerized fibronectin and
collagen fibrils via their integrins and pull the fibrils perpen-
dicularly to the wound edge via their actin-rich cytoskele-
ton, allowing wound contraction to occur (416). Since myo-
fibroblasts are bound to each other via gap junctions, they
may work in conjunction when inducing contraction. Inter-
estingly, in the absence of a-SMA in myofibroblasts,
smooth muscle y-actin and skeletal muscle a-actin func-

tionally compensate to bring about contraction (418).
Myofibroblasts can also display alternate contractile pro-
teins such as myosin heavy chains or desmin, although
a-SMA is expressed far more frequently (416).

Additional factors and ECM components such as hyaluro-
nan, osteopontin, periostin, vitronectin, endothelin, angio-
tensin, CCN2, and Cx43 have been associated with myofi-
broblast differentiation and identified as therapeutic targets
(234, 375). PDGF has been implicated in regulating proto-
myofibroblast motility (163). MMPs have also been shown
to mediate myofibroblast differentiation, as MMP inhibi-
tors block myofibroblast differentiation in vivo (275), but
their exact mechanism remains unknown. Direct contact of
fibroblasts with neuronal processes has also been shown to
activate myofibroblast differentiation (128). Finally, certain
inflammatory mediators including TNF-« can inhibit dif-
ferentiation, suggesting that extended inflammation in dis-
eased states may postpone myofibroblast differentiation

and contribute to a delay in the wound-healing process
(148).

Myofibroblasts ultimately are cleared from the wound site
via apoptosis once tissue integrity is sufficiently restored
(83). It is unclear if following healing, myofibroblasts can
revert to the fibroblast phenotype present in uninjured skin.
It is thought that in many forms of fibrosis, such as hyper-
trophic scarring, myofibroblasts fail to undergo apoptosis
and thus lead to scarring conditions (427). Murine studies
of hypertrophic scarring support this hypothesis, where fol-
lowing mechanical loading, increased survival of myofibro-
blasts leads to greater scar tissue. Consequently, myofibro-
blasts play an important role in the late stages of granula-
tion tissue formation and present a promising target for
developing treatments for fibrosis and scarring.

D. Re-epithelialization

The epidermis withstands mechanical stress and protects
the body from microorganisms, ultraviolet radiation, water
loss, and extreme temperature. It consists of a multilayered
epithelium containing keratinocytes that are connected to
neighboring keratinocytes by cell-cell junctions called des-
mosomes. The lowermost layer or the basal layer is attached
to a specialized ECM called the basement membrane
through hemidesmosomes and focal adhesions. The layers
above the basal layer are the spinous layer, granular layer,
and the stratum corneum. The stratum corneum consists of
impermeable cornified cells that continuously shed. In ad-
dition to keratinocytes, the epidermis also contains resident
immune cells, hair follicles, sebaceous glands, and sweat
glands. Since the epidermis is highly susceptible to injury,
resident stem cells are crucial for maintaining both homeo-
stasis and repair of the skin, where stem cell division and
differentiation compensates for cell loss.
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In the mouse skin, stem cell populations have been found
using lineage tracing experiments within the interfollicular
epidermis (IFE), hair follicle junction, hair follicle bulge,
sebaceous gland, and sweat gland (439). There are also
melanocyte stem cells, which in humans are dispersed in the
IFE and hair follicles, and in mice are found mostly within
hair follicles (292). The prevailing model that explains epi-
dermal regeneration and repair is the epidermal proliferat-
ing unit (EPU) model. According to this paradigm, slow
cycling and long-lived stem cells of the IFE expressing high
levels of K14 and B-1 integrin are present in the basal layer
surrounded by ~10 transit amplifying cells (266). IFE stem
cells proliferate asymmetrically to generate these transit
amplifying cells that are constantly proliferating and differ-
entiating (257). Thus all cells in the basal layer are not stem
cells, and under homeostasis, stem cells are not constantly
proliferating (441).

An alternative theory suggests that there are no IFE stem
cells; instead, all cells in the basal layer are functionally
equivalent progenitor cells with equal probabilities of gen-
erating a differentiated cell or a progenitor cell (91, 236).
This model is dependent on just two parameters: the aver-
age cell division rate and the proportions of divisions that
lead to an asymmetric fate (207). The progenitor cell hy-
pothesis has been used to describe homeostasis in the mouse
tail skin and remains to be demonstrated in other skin struc-
tures. However, it could potentially explain the ability to
create large sheets of keratinocytes ex vivo and heal super-
ficial wounds. Progenitor cells cannot always survive in full
thickness wounds and are not capable of extensive tissue
regeneration (266). In contrast, lineage tracing experiments
in murine wound healing favor the EPU model. It is shown
that wounding leads to the recruitment of IFE stem cells
with clones migrating from the periphery to the center of
the wound. The IFE stem cells persist in the wound and lead
to large numbers of differentiated cells (266).

Interestingly, IFE stem cells possess an inflammatory mem-
ory that allows them to respond rapidly to secondary as-
sault. At the time of the primary inflammatory stimulus,
cellular alterations lead to increased chromosomal accessi-
bility at transcriptional regions of key stress genes (283).
These open-chromatin domains are sustained to rapidly
sense and respond to a secondary threat. More than half of
the genes induced selectively during wound repair are asso-
ciated with these open chromatin domains (283).

The epidermal appendages comprise a significant portion of
the skin, are subject to external stress, and respond to skin
injury. During homeostasis, sebaceous glands turn over
constantly. Hair follicles go through bouts of hair growth
and degeneration. Sweat glands are mostly quiescent (23).
The epidermal stem cells and progenitors for these unique
compartments are lineage-restricted and committed to
maintaining their own cell type. However, in the event of
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injury, epidermal stem cells for the appendages can exhibit
plasticity and acquire multilineage differentiation potential
(23). Stem cells in the hair follicle bulge, for example, do not
contribute to the IFE under unwounded conditions. How-
ever, after skin injury, cells from the bulge can reprogram
and migrate in a linear manner to the center of the wound
(FIGURE 6) to reconstitute the IFE where their progeny per-
sist for months following wound healing (194, 243).

1. The intrafollicular epidermis during wound healing

The extrinsic signals from the stem cell niche, which in-
cludes signals from ECM, growth factors, and surrounding
cells, are important in determining stem cell fate. Stem cells
of the IFE are clustered rather than distributed as single cells
and, since they express higher levels of integrins, are more
adhesive compared with transit amplifying cells (208, 441).
In homeostasis, integrins are restricted to cells in the basal
layer. The main integrins on the basal cells are 231 that
binds collagen, «3B81 and a6B4 that binds laminin, and
avB5 that binds vitronectin. a634 is concentrated distally
on the basement membrane while a381 is at the leading
apical edge. The other integrins are spread over the basal,
lateral, and apical surface of the basal cells (440).

Following wounding, keratinocytes at the wound edge
loosen their adhesions to each other and to the basal lamina
to close the defect, forming the migrating epithelial tongue.
Integrins are also expressed in the suprabasal keratinocytes,
which leads to increased Erk-MAPK signaling and inflam-
matory cytokine synthesis, causing hyperproliferation of
keratinocytes and immune cell activation (185). Fibronec-
tin receptors a5B1 and av36 are also upregulated in kera-
tinocytes during wound healing (441). Integrin signaling is
critical, and loss of keratinocyte integrins is found to impair
wound healing (164, 333).

Several growth factors and proteins modulate keratinocyte
migration and proliferation. Protein kinase C (PKC)-a and
the transcription factor Slug are known to decrease keratin-
ocyte adhesiveness and increase their motility (356, 435).
Migrating and proliferating keratinocytes are responsive to
factors from the epidermal growth factor family including
EGF, HB-EGF, and TGF-a and fibroblast growth factors,
especially FGF2 or KGF (120, 447). These factors upregu-
late keratins K6, K16, and K17 that are important for mi-
gration (309). The cytokines IL-1, IL-6, and TNF-a present
in the wound increase keratinocyte motility. In addition to
promoting loss of cell adhesions and loss of apical-basal
polarity, TNF-a has been shown to induce an epithelial to
mesenchymal transition in cells, which if not regulated can
lead to a fibrotic state (476). Migrating keratinocytes are
also found to express MMPs abundantly at the wound
edges that allow these cells to migrate through the fibrin
plug and over the granulation tissue (226, 350).
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Keratinocytes in the wound are also actively interacting
with fibroblasts, endothelial cells, and immune cells in the
wound. During inflammation, MCP-1 produced in keratin-
ocytes is important for activating macrophages, neutro-
phils, and T cells (89, 285). Upregulation of SKINTs and
STAT3 in keratinocytes is necessary for activation of
DETCs within the epidermis (215). In the early proliferative
stage, IL-1 and TNF-a produced by keratinocytes stimulate
fibroblasts to produce factors important for keratinocyte
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FIGURE 6. Re-epithelialization and fibro-
blast-epidermal cell interactions during
wound healing. A: in the uninjured skin, the
epidermis is multi-layered with the lower-
most basal layer attached to the basement
membrane. This layer contains K14+ /81-
integrin positive stem cells that divide and
differentiate to form the keratinocytes of
the spinal and granular layers. The upper-
most layer is the stratum corneum that
contains cornified and impermeable cells.
The epidermis also contains appendages of
which the hair follicle and sebaceous gland
are of particular interest since they contain
several stem cell subsets with high activity
even during homeostasis. The base of the
hair follicle and hair germ, which is adjacent
to the dermal papilla, contains LRGS5+/
Gli1+ stem cells. The mid-bulge contains
CD34+ /Sox89+ /keratin 15+ stem cells,
and the upper bulge contains LRIG1 + stem
cells. Melanocyte stem cells (McScs) are
also dispersed in the hair bulge and germ.
There are also stem cells that reconstitute
the sebaceous glands. B: following wound-
ing, unipotent stem cells within the hair fol-
licle move in a linear fashion and take on a
multipotent differentiation potential to re-
constitute various cell types of the epider-
mis. Fibroblasts in the dermal papilla can
signal these stem cells in the hair follicle
through the Wnt/ p-catenin pathway. In re-
turn, the epidermal stem cells signal the
fibroblasts, converting them to myofibro-
blasts, to help in wound contraction. A sub-
set of myofibroblasts become adipocytes,
and this switch has been found to reduce
scar formation. Another subset of fibro-
blasts with expression of CD26/En1 pref-
erentially deposit higher levels of ECM and
are responsible for fibrosis. Interfollicular
stem cells in the basement membrane of
the epidermis also proliferate to generate
keratinocytes that lose their cell-cell junc-
tions and migrate into the wound forming
the epithelial tongue. The proliferation and
migration of differentiated keratinocytes
and stem cells into the wound, together
lead to re-epithelialization of the wound. The
illustration is a simplified rendering based
on current knowledge.
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proliferation and migration (15, 446). During angiogenesis,
VEGEF produced in keratinocytes increases vascular perme-
ability within endothelial cells and is critical for new vessel
formation (36).

In the later stages of repair, TGF-B produced by activated
fibroblasts is found to be essential for reverting activated
keratinocytes into the basal cell phenotype by inducing
basal cell-specific markers such as K§ and K14 and reducing
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proliferation (309). Keratinocyte interactions with the
other cell types during wound repair is important for com-
plete wound closure, and an imbalance in any of the cellular
or molecular mechanisms can shift the wound into fibrosis
or chronic wounds.

2. Regeneration of hair follicles

The hair follicle along with the sebaceous gland comprises
the pilosebaceous unit and is scattered in the IFE. The hair
follicle gives rise to and supports the hair shaft, while the
sebaceous gland releases lipids to lubricate the surface of the
skin. The hair follicle is unique given that the heterogeneity
of its stem cells has been uncovered more than in other
organ systems most likely due to its accessibility. The dif-
ferent pools of stem cells are distributed within the vertical
and horizontal axis of the hair follicle, each expressing a
unique combination of surface markers and responding to
distinct signals. In homeostasis, the hair follicle gives rise to
the hair shaft in three stages: telogen (resting), anagen
(growth), and catagen (destruction). In mice, these stages
occur in synchronized bouts allowing for the easy isolation
and study of both the cells and the molecular pathways that
affect them. While exhibiting some level of plasticity, the
various stem cell subsets of the follicle participate in unique
functions during the homeostatic stages. However, under
conditions of stress or injury, the subsets can substitute for
each other to bring about healing.

The base or bulb of the hair follicle is called the bulge. It
contains several stem cells based on spatial distribution that
can broadly be classified into lower bulge, mid bulge, and
upper bulge stem cells. Below the bulge lies the secondary
hair germ, which consists of progenitor cells derived from
the lower bulge stem cells. The secondary hair germ makes
up the outer root sheath and is embedded in the dermal
papilla, which contains fibroblasts that are releasing factors
critical for hair follicle formation. Vertically above the hair
bulge is the junctional zone and the sebaceous gland. The
infundibulum is the uppermost layer of the hair follicle and
in contact with the IFE.

The lower bulge stem cells are the most proliferative and
express the stem cell marker LRG and the Hedgehog tran-
scription factor Glil+ (14, 37). They are also high in integ-
rin 6. Cells within the secondary hair germ maintain sim-
ilar markers as the lower bulge stem cells but undergo more
divisions in anaphase than the bulge cells due to their prox-
imity to signals from the dermal papilla (156). While the
bulge cells usually give rise to the hair germ, the cells of the
hair germ can replenish an empty bulge niche, which indi-
cates their ability to compensate for loss of function within
the epidermis (344, 345). The mid-bulge stem cells do not
express LRG and Glil but are positive for CD34, Sox9, and
keratin15 (383). Following injury to the skin, the mid-bulge
stem cells contribute to healing of the IFE, but do not persist
long-term within the IFE following healing (194). The up-

684

per bulge stem cells express markers such as Glil, similar to
the lower bulge stem cells. During homeostasis, they are as
efficient as the lower bulb stem cells in the anagen phase
(383). Upon skin injury, they contribute to the IFE and
persist in the IFE long-term following healing (37). Mela-
nocyte stem cells (McSCs) are also dispersed within the
bulge and hair germ, and will be described in a subsequent
section (294, 323). There is coordination between the cy-
cling of the bulge cells and the McSCs so that mature me-
lanocytes can transfer melanin into the growing hair follicle

(124).

Vertically above the bulge region and in the junctional zone
are the LRG6 stem cells which maintain the junctional zone
and the sebaceous glands, although they can give rise to all
epidermal cells including the IFE (382). There are two vari-
ants of the LRG®6 stem cells, those that express MTS24 and
those that do not, and the differences between these two
subsets need to be elucidated (204, 291, 382). Further up in
the junctional zone are the LRIG1+ stem cells that are
responsive to EGF signaling. Under homeostasis, these stem
cells contribute to the IFE and sebaceous glands, but not to
hair follicles (383). In a wounded condition, these junc-
tional LRIG1+ stem cells can give rise to the IFE, sebaceous
glands, and hair follicles (203).

The sebaceous glands are maintained by four subsets of
stem cells. These include the bulge stem cells, LRIG1 + stem
cells, and LGR6+ stem cells of the junctional zone as well as
BLIMP1 expressing cells (126, 277, 302, 407). The sweat
glands in the skin are distinct from the pilosebaceous unit
that contains hair follicles and the sebaceous glands. Unipo-
tent stem cells have been discovered that maintain the sweat
glands under homeostasis, and their role in wound healing
needs further elucidation.

3. Melanocytes in wound healing

Partial thickness and deep full thickness injuries, especially
those resulting from burns, leave the skin hyper- or hypo-
pigmented, due to changes in melanocyte proliferation and
activation (71) Melanocytes are dendritic, neural crest-de-
rived cells that produce melanin, a biopolymer that protects
the skin from ultraviolet irradiation and ROS stress. In
human skin, melanocytes are dispersed within the IFE and
hair follicles (292, 383). In mice, melanocytes are mostly
located in the hair follicle except for the ear and tail skin
where they are also found in the IFE (312). During homeo-
stasis, melanocytes are repopulated by McSCs, which are in
the bulge of the hair follicle. Here, they are influenced by
growth factors such as TGF-B, endothelin-2, Notch, and
WNT signals from the adjacent hair follicle stem cells (293,
404) and melanocyte repopulation occurs concurrent with
the growing phase of the hair cycle (292).

The role of melanocytes in wound healing was observed as
early as the 1950s and 1960s when it was found that mela-
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nocytes were present in the new epithelial covering within
4-6 days following wounding (381). The melanocytes in
the adjacent uninjured skin were found to undergo mitosis
and synthesize melanin, but the melanocytes within the re-
pairing epidermis did not have high melanin expression
(184). It is now known that following injury, McSCs
leave their niche in the bulge of the hair follicle before
their initial cell division and migrate into the injured
mouse epithelium where they give rise to differentiated,
pigment producing melanocytes important for repigmen-
tation of the epidermis (62). This migration might de-
plete the original McSc pool (62).

The migration of McSCs into the epidermis following injury
occurs via activation of the melanocortin 1 receptor (Mc1r).
It is interesting that these stem cells can be lured out of their
protected niche during times of injury where stem cell dif-
ferentiation takes precedence over stem cell maintenance. It
is thought that repigmentation might be too much of a risk
for MsSCs leaving the stem cell niche, and there could be
other functions that these stem cells might be involved in,
such as regulating keratinocyte differentiation (312). More-
over, their neural crest origin might have a role to play in
these stem cells retaining an innate migratory phenotype.

It has been hypothesized that melanocyte-fibroblast inter-
actions during wound healing result in scar formation
(135). Per this paradigm, melanocytes are activated in re-
sponse to cytokines released from fibroblasts (378). Acti-
vated melanocytes in return stimulate fibroblasts to deposit
ECM. More evidence is needed to confirm melanocyte and
fibroblast interactions in wound healing and scar forma-
tion.

E. Tissue Maturation and Remodeling in
Wound Healing

In most clinical settings, closure of acute and chronic
wounds is considered the wound healing end point, but
wounds can continue to undergo remodeling or tissue mat-
uration for several months or even years. This last stage of
wound healing ultimately determines if scarring will occur
or the wound will recur. The remodeling phase consists of
regression of the neovasculature, as well as periodic depo-
sition to the ECM and subsequent reconstitution of granu-
lation tissue to scar tissue. Granulation tissue is largely com-
prised of collagen III, which is partially replaced by the
stronger collagen I as remodeling of the wound progresses.
This process is a result of concurrent collagen I synthesis
and collagen Il lysis, which is followed by reorganization of

the ECM (167).

Once re-epithelialization occurs, myofibroblasts within the
granulation tissue continue to synthesize MMPs and their
respective inhibitors (tissue inhibitors of metalloprotei-
nases, TIMPs) (45, 431). MMPs target specific components

Physiol Rev . VOL 99 . JANUARY 2019 . www.prv.org

of the ECM for degradation, an essential step to its remod-
eling (45). As the MMPs work to reconstitute the ECM,
matrix synthesis slows significantly (77). Thus the collagen
III found in granulation tissue is gradually decreased and
replaced with collagen I (77). Following ECM modification,
TIMPs begin to block MMPs, halting further ECM degra-
dation. An imbalance between TIMP and MMP expression
can lead to abnormal ECM modification and even chronic
wounds (141, 408). As the wound completes the healing
process, myofibroblasts undergo mediated apoptosis (182).
When cells within the granulation tissue do not undergo
apoptosis following wound remodeling, hypertrophic scars
tend to form (83).

Macrophages are important during wound remodeling
where they take on a fibrolytic phenotype, breaking down
excessive ECM and engulfing ECM debris and apoptotic
cells. The interaction between macrophages and fibroblasts
is also critical. If (myo)fibroblasts overexpress the CD47
“don’t eat me” signal, it prevents them from being phago-
cytized and eliminated by macrophages (448). This can re-
sult in excessive matrix deposition and HTS.

Blood vessels that are generated during angiogenesis are
leaky, lacking tight cell-cell contacts and branching out into
the granulation tissue. They may also have scant coverage
of pericytes to allow immune cells to easily infiltrate into the
wound. During remodeling, neovessels undergo pruning to
generate stable and well-perfused blood vessels that can
resume homeostasis, and to form endothelial cells that are
quiescent. Unfortunately, less work has been conducted on
vessel regression compared with angiogenesis most likely
because in vitro studies allow for new vessel formation, but
do not contain negative feedback mechanisms that allow
for studying vessel regression. Vessel pruning is found to
occur through endothelial cell apoptosis (85), although the
mechanisms underlying this process remain unknown. Re-
epithelialization may also have a role to play in vessel prun-
ing. With closure of the epithelium, the healed wound bed is
no longer in a state of hypoxia, and changes within the
hypoxia-responsive elements may contribute to endothelial
cell quiescence.

There are negative-feedback mechanisms within endothe-
lial cells such as activation of intracellular Sprouty proteins
and Vasohibin that might act as “anti-angiogenic switches”
by modulating responsiveness to VEGF (43, 452). Endothe-
lial cells also express CXCR3 during the late stage of wound
healing. Upon binding its ligand, CXCL10 that is preferen-
tially expressed during wound remodeling, CXCR3 inhibits
endothelial tube formation (27). Mice lacking CXCR3
demonstrate hypertrophic scarring, indicating the impor-
tance of this pathway during wound remodeling (478). Un-
covering other cellular signaling pathways that are prefer-
entially expressed during wound remodeling will explain
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why some wounds undergo dystrophic healing such as in
keloids and hypertrophic scarring.

lll. CELLULAR ALTERATIONS UNDERLYING
IMPAIRED WOUND HEALING

A. Differences Between Fetal and Adult
Wound Healing

Wound healing outcomes are linked to the developmental
stage of the injured organism. In adult cutaneous repair,
fibroproliferation rapidly restores the skin barrier to protect
the wound from infection and further injury. However, the
fibroproliferative response results in deposition of poorly
organized collagen and consequently incomplete regenera-
tion of the tissue, including loss of dermal appendages such
as hair follicles and sebaceous glands, and reduced tensile
strength (167). In comparison, fetal skin possesses the re-
markable ability to regenerate tissue without scarring
(347), heal at an accelerated rate compared with adult
wound healing, and result in complete restoration of the
dermis, epidermis and epidermal appendages. The superi-
ority of fetal wound healing over adult wound healing is
conserved across several mammalian species, including hu-
mans (5, 252).

The transition from fetal scarless wound healing into scar
formation occurs at a precise gestational stage, at around 18
days gestation in mice (47) and 24 wk gestation in humans.
The factors that contribute to scarless healing in the fetus
have been studied extensively, with contributions of multi-
ple cell types, cytokines, growth factors, and ECM compo-
nents (188).

Differences between fetal and adult wound healing can be
noted as early as the inflammatory stage. As previously
described, adult wounds are characterized by an influx of
neutrophils (299, 354) and macrophages, which secrete cy-
tokines such as CSF-1, TNF-a, and PDGF, promoting a
fibrotic response (354). Mast cells are also implicated in
adult wound healing (255) where they recruit additional
neutrophils and stimulate the fibroblast to myofibroblast
transition to exacerbate ECM deposition. In comparison,
fetal wounds have fewer neutrophils, macrophages, and
mast cells, which contributes to the overall decreased in-
flammatory response and lesser scar tissue formation (469).

Fibroblasts derived from fetal and adult skin exhibit funda-
mental differences that contribute to differences in their
wound healing ability (335, 436). Fetal fibroblasts migrate
faster to the site of injury compared with adult fibroblasts,
where they simultaneously proliferate and synthesize colla-
gen (188). In comparison, adult fibroblasts must divide be-
fore beginning collagen synthesis, which contributes to de-
layed wound healing (231). There is an increased interest in
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understanding which fibroblast subsets preferentially cause
the transition into scarring. Engrailed-1 expressing fibro-
blasts have been found to increase concurrently with the
onset of scar formation in the dorsal skin of embryonic mice
(335). These fibroblasts can be distinguished by the surface
marker CD26, and ATAC-sequencing has been used to de-
termine the exact time points during which the transition
into scarring occurs. The discoid domain receptor (DDR)
family is also differentially expressed in fetal and adult fi-
broblasts. Specifically, fetal fibroblasts express a higher
level of DDR-1, which regulates cell proliferation, differen-
tiation, and collagen production and expression of this re-
ceptor decreases with gestational age (59). Identification of
alterations in surface markers such as CD26 and DDR-1 in
fibroblasts from various anatomical sites will allow for pref-
erential targeting of scar-forming fibroblasts during adult
wound healing.

Fibroblast-mediated collagen synthesis and deposition var-
ies in fetal and adult wounds. Although types I and III
collagen are found in skin at both developmental stages,
fetal wounds contain a higher ratio of type III to type I
collagen, which decreases as the fetus develops. This corre-
lates to a transition from scarless to fibrotic repair (250,
273). Moreover, collagen fibers in the fetal wound are or-
ganized to resemble collagen in the uninjured skin, whereas
adult wounds form dense collagen bundles parallel to the
wound surface. Aging also increases collagen cross-linking,
resulting in increased matrix rigidity and scarring (253).

Several other important ECM adhesion proteins and cellu-
lar surface receptors are differentially expressed in fetal and
adult wounds. Hyaluronic acid (HA) is an important com-
ponent of the ECM and has been implicated in regulating
cell proliferation, motility, and collagen synthesis. In fetal
wound healing, sustained deposition of HA occurs more
rapidly than in adult wound healing (247) and has a role to
play in scarless repair (248). HA levels are regulated by Wnt
proteins, which are also differentially regulated in fetal ver-
sus adult wounds (298). In addition, fetal fibroblasts ex-
press a higher level of surface receptors for HA compared
with adult fibroblasts (8, 248) which enhances fetal fibro-
blast migration into the wound (267).

ECM such as fibronectin and tenascin, which are preferen-
tially expressed in healing wounds compared with unin-
jured skin, are more highly expressed in fetal wounds (251,
450). These ECM components can activate matrikine sig-
naling to resident cells in the wounds accelerating prolifer-
ation and re-epithelialization (48). For example, Tenas-
cin-C contains EGF-like repeats and can bind the EGF re-
ceptor present on fibroblasts and keratinocytes, with a low
affinity but a high avidity, persistently activating EGFR sig-
naling in these cells (338). Finally, fetal wounds maintain a
higher ratio of MMP to TIMP expression than adult
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wounds, which activates fibrolysis during wound remodel-
ing and precisely resolves wound healing (74).

B. Mechanotransduction and Skin Fibrosis

Historically, skin has been considered a mechanically inert
viscoelastic membrane (101, 374), but recent evidence has
demonstrated that the skin and its constituent cells are ex-
quisitely mechanoresponsive and that dysregulated mecha-
notransduction underlies several wound healing disorders
(1,167,245, 301, 461, 464). Breaks in cutaneous continu-
ity alter the cellular mechanical environment and can influ-
ence cells of the wound healing cascade. When cutaneous
integrity is re-established, mechanical forces may guide skin
remodeling, leading to intact and durable repair. The mech-
anisms through which these processes occur in normal skin
and during wound healing remain unclear. Abnormal
wound repair occurs across a spectrum ranging from exces-
sive fibrosis and scarring to underhealing wounds clinically
typified by nonhealing chronic ulcers. Both ends of the dys-
functional wound healing and repair spectrum pose a sig-
nificant healthcare challenge.

Keloids are fibrous lesions characterized by an excessive
deposition of ECM components during wound regenera-
tion (168). As such, they superficially resemble HTS and
present many of the same burdens, such as pruritis, pain,
and psychological discomfort (336). Unlike hypertrophic
scars, keloids often grow beyond the original parameters of
the wound and rarely regress over time (422). While keloids
occur among people throughout the world, certain demo-
graphics display a greater incidence than others. Genetics
are believed to play a significant role in keloid susceptibility,
as populations of darker skinned individuals seem to have a
notable predisposition. An estimated 15-20% of those with
Hispanic, Asian, or African heritage suffer from keloids
(422). Additionally, high frequencies of mutual keloid for-
mation have been found among identical twins, further sug-
gesting a strong genetic component (260). While keloids
can develop virtually anywhere on the body, they tend to
appear in certain regions, such as the ears, chest, and upper
arms (380) with a proclivity to mechanical stress, such as
stretching (296).

Hypertrophic scars are a major form of excessive scarring
commonly seen as outcomes of surgical procedures,
trauma, radiation, and following burn injuries. The se-
quelae of HTS include airway edema, speech/ swallowing
dysfunction, sensory defects, disfigurement, and psycholog-
ical distress to the patient. Unlike keloids, hypertrophic
scars do not extend over the original wound boundaries.
The pathophysiology of HTS includes a constitutively ac-
tive growth phase of wound healing, with a highly vascu-
larized scar tissue abundant with inflammatory cells and
fibroblasts depositing excessive and disorganized ECM.
Burn wounds that are deep partial thickness or full thick-

ness almost always result in HTS formation. While full
thickness burns can be surgically treated using skin grafts,
there is currently no standardized treatment for patients
with deep partial thickness burns. Thus there is a need to
understand the cellular repair pathways following these
skin injuries so that treatments that prevent HTS can be
developed.

Mechanotransduction pathways are increasingly being im-
plicated in skin and soft tissue pathologies including HTS,
keloids, and Dupuytren’s contracture (233, 245,437, 460).
Although a variety of molecular pathways are involved in
mechanotransduction, the integrin-FAK molecular path-
way is the most well-defined regulator of skin mechano-
transduction (96, 245, 461, 464). FAK is expressed in skin
cells including keratinocytes and fibroblasts and is impor-
tant for intracellular signaling in response to mechanical
forces. Application of mechanical forces during wound
healing leads to activation of FAK in fibroblasts and in-
creased HTS formation (1, 96, 166, 463, 464). This occurs
by FAK activation of numerous downstream components
involved in fibrogenic responses such as phosphatidylinosi-
tol 3-kinase (PI3K)/Akt and mitogen-activated protein ki-
nases (MAPK) (60, 86, 173, 421). In contrast, decreased
FAK signaling has been associated with nonhealing wounds
(97,202, 245, 461). Degradation of FAK is accelerated in
diabetic wounds, which leads to delayed wound healing and
abnormal skin architecture (245). These underscore the sig-
nificance of FAK-mediated mechanotransduction in skin
disorders, specifically in HTS and nonhealing wounds.

Keratinocytes and fibroblasts, the primary cell types in the
skin, have both long been known to respond to mechanical
forces (96, 462). Fibroblasts have been studied extensively
for modulating the ECM in response to changes in their
microenvironment (92, 311, 335). Keratinocytes respond
to mechanical strain by modulating proliferation and ma-
trix-remodeling proteins (202, 461). However, keratino-
cyte-fibroblast interactions in skin wound repair that result
in changes in overall skin biology are not fully understood.
Conlflicting reports regarding the role of mechanical strain
on keratinocyte-fibroblast interactions have been published
in the literature (128, 245, 445, 461, 464). For example, it
has been proposed that keratinocytes secrete growth factors
that act on fibroblasts and conversely fibroblasts produce
proliferation signals for keratinocytes (113, 445). How-
ever, an understanding of keratinocyte-fibroblast interac-
tions when integrated into global tissue repair and in re-
sponse to mechanical forces might provide clues into the
cellular and molecular causes underlying scar formation

(445).

In addition to resident cells in the skin, cells recruited to the
skin from the circulation also respond to mechanical forces.
Keloids and hypertrophic scars show distinctive immuno-
phenotypic profiles abundant in T cells, dendritic cells, mac-
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rophages, and Langerhans cells (50, 55, 352, 463), but the
literature is predominantly focused on the paracrine effects
of these cells on keratinocytes and fibroblasts. Little is
known about how mechanical strain affects these cells di-
rectly. To more fully understand normal and abnormal skin
biology, there is a need to uncover and integrate the involve-
ment of cell types apart from keratinocytes and fibroblasts
in skin mechanotransduction.

C. Chronic Nonhealing Wounds

Chronic wounds affect 6.5 million people in the United
States, costing the healthcare system an estimated 50 billion
dollars annually (211, 364). Diabetes, vascular disease, and
aging are the main factors contributing to chronic wounds,
causing diabetic foot ulcers, venous leg ulcers, and pressure
ulcers, respectively (123). With the diabetic population (30
million) rapidly growing in number, chronic wounds are
contributing to an increasingly large portion of healthcare
costs (51). The nonhealing state leads to morbidity, loss of
function, and a significant loss in the quality of life (193,
468). The 5-year mortality for patients following amputa-
tion is ~50% (117). While interventions exist, such as
growth factors, ECM, engineered skin, and negative pres-
sure wound therapy, many of these treatments are only
moderately effective (123). There is a pressing need for new
and more effective therapies.

To develop successful therapeutic strategies, it is important
to understand the mechanisms that underlie impaired heal-
ing. Here, we will briefly address impaired wound healing
from the perspective of diabetes since diabetic ulcers are the
most common chronic wounds in the United States. The
pathophysiology of diabetic wounds is multifactorial. Hy-
perglycemia alters the microenvironment or the “soil” as
well as local and circulating cells or the “seeds” (337). At
the molecular level, diabetes brings about impairments in
several critical pathways in the skin, which play a role in the
outcome of wound healing. One of the major pathways that
is affected is the hypoxia response pathway, resulting in
impaired neovascularization and poor wound healing out-
comes (53, 94, 95, 97, 413, 414).

From a cellular perspective, diabetes impairs progenitor cell
recruitment, proliferation, and growth factor release fol-
lowing injury. There is also a chronic inflammatory state
and impaired new vessel formation (53, 201, 330, 332,
337). Macrophages are among the most well-studied in-
flammatory cells in the diabetic wound. As described previ-
ously, there is a delay in the production of chemokines and
cytokines such as MCP-1 and MIP-2 in the diabetic wound
that delays the influx of monocytes and activation of mac-
rophages (449). A lag in macrophage activation causes im-
paired efferocytosis (216) and a persistence of wound de-
bris, apoptotic cells, and neutrophils. The prevalence of
wound debris sets up a constant inflammatory phase, and
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activated neutrophils continue to release proteases that
nonspecifically degrade the wound microenvironment
(216). Inflammation persists into the remodeling stage, and
the wound never completely resolves healing (449).

Patients with diabetes have microvascular complications
and vascular denervation. Endothelial cell dysfunction
manifests as nitric oxide production is reduced, ROS levels
increase, and expression of chemokines, growth factors,
and receptors for these factors are altered. Reduced nitric
oxide production alters vascular barrier function, increases
platelet coagulation, and alters immune cell responses.
While low levels of ROS are present during wound repair
and facilitate endothelial function, high ROS impairs neo-
vascularization by impacting endothelial cell proliferation,
migration, and apoptosis. The diabetic wound also has re-
duced VEGF released from macrophages, keratinocytes,
and adipose stem cells (ASCs) that impairs endothelial cell
branching and angiogenesis.

The reduction in growth factor release from the subcutane-
ous ASCs is due to the selective depletion of vasculogenic
ASC subpopulations in diabetes (330). Murine experiments
also demonstrate that diabetes reduces the recruitment of
circulating progenitor cells, and this impairment does not
revert to normal kinetics even after a “cure” or return to
normal blood glucose (201). Fibroblasts and keratinocytes
also display impairments in diabetes. Fibroblasts in the di-
abetic wound are significantly less responsive to hypoxia,
produce less VEGF, and highly express MMPs, which break
down the ECM produced (241). Keratinocytes in the dia-
betic wound are also affected by changes in the microenvi-
ronment and display alterations in their migration, prolif-
eration, and gap junctions (190).

In addition to these cellular factors, the skin’s surface is also
host to a variety of bacteria, viruses, fungi, and other mi-
crobes collectively known as the skin microbiome (160). An
estimated one billion bacteria occupy each square centime-
ter of skin, potentially infiltrating into adjacent appendages
and glands (159). While many of these organisms are harm-
less or in some cases even beneficial, there are some that can
play harmful roles and cause infection (102, 160). Microbes
can prove to be deleterious in individuals that are immuno-
compromised or that maintain unhealthy or wounded skin
(58). Chronic wounds, such as those found in the aged or
diabetics, often suffer from the detrimental effects of mi-
crobes that colonize and reproduce within the wound bed
(58,102, 221). Burn wounds are also susceptible to certain
microbes, with Streptococcus pyogenes, Enterococcus spp.,
or Pseudomonas aeruginosa (Pa) being frequently observed
within the wound (161, 262). Pa is also a particularly dev-
astating pathogen commonly associated with diabetic
wounds and is especially difficult to treat due to its propen-
sity to form thick biofilms, which enhance adherence to the
wound, immune evasion, and antibiotic resistance (70, 187,
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308). These characteristics all encourage the chronicity of
recalcitrant wounds.

Collectively, impairments in the microenvironment, cell
function, and biofilm deposition lead to abnormal wound
healing, reduced tensile strength of the skin, and recurrence
of wound (337). These findings may suggest that a “nor-
malization” of the wound microenvironment might revert
the dysfunction acquired by the cells. However, cells ex-
posed to prolonged hyperglycemia have been shown to dis-
play metabolic “memory,” where even upon return to nor-
moglycemia, cells do not regain normal function (52, 287).
Thus it is imperative to address both aberrations in the
microenvironment and in the cells to enhance wound heal-
ing in impaired states.

A wide variety of products exist for nonhealing wounds
such as Promogran, OASIS, Integra, Regranex, Renasys,
and OxyHeal1000 but are only modestly effective (143,
317, 331, 342, 430, 451). Bioengineered skin substitutes
such as Apligraf, Dermagraft, and Grafix containing living
cells have been developed to increase efficacy (87, 261).
Randomized controlled multicenter comparative effective-
ness studies of these cellular therapies provide level I evi-
dence that cell-based therapies are safe and effective for
correcting nonhealing wounds in the diabetic population
and other impaired states (87, 261). These therapies are
briefly described in the subsequent section.

IV. SKIN SUBSTITUTES AND CELL-BASED
THERAPIES FOR WOUND HEALING

Autologous skin grafts are commonly used to promote heal-
ing in both partial- and full-thickness wounds. Skin grafts
provide the epidermal layer but lack the dermis, resulting in
poor contour and reduced survival of the graft (259a).
While allograft skin grafts typically take to full-thickness
wounds, they are usually ultimately rejected due to the im-
mune response against cells of the epidermis and endothe-
lial and fibroblast cells of the dermis (49, 229, 362). How-
ever, the noncellular components of dermis, primarily the
ECM proteins and collagen, are relatively nonimmunogenic
(481). Consequently, a promising strategy is to bioengineer
nonimmunogenic substitutes to promote regeneration of
the dermis and provide support for epithelial skin grafts
(39, 66). Here we discuss some of the ECM and cell-based
therapies and their effectiveness in healing wounds.

A. Extracellular Matrices for Enhanced
Wound Healing

Several strategies have been employed to replace the dermis.
One particularly desirable strategy is to provide environ-
mental cues to promote dermal regeneration endogenously.
This can be achieved using a biodegradable scaffold with or
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without cells that allows for infiltration of resident cells
from the surrounding tissue (214, 398). Because ECM com-
ponents of the dermis play a primary role in supporting
graft retention, scaffolds are typically composed of these
components: collagen, glycosaminoglycans (GAGs), and
hyaluronic acid. Different scaffolds guide cell behavior in
unique ways due to variable physical characteristics that
stem from differences in manufacturing techniques, such as
decellularization, sterilization, and cross-linking. For exam-
ple, while chemical cross-linking is used to enhance the
strength of the scaffolds, it can exhibit reduced incorpora-
tion into the wound, as well as inferior cell infiltration,
ECM deposition, and neovascularization compared with
non-crosslinked scaffolds. Some of the matrices most com-
monly utilized for healing are summarized below.

1. Integra

Integra (Johnson & Johnson, New Brunswick, NJ) has sev-
eral skin substitutes that promote regeneration of the der-
mis. The Integra Dermal Regeneration Template was FDA-
approved in 2002 for treatment of burn injuries. Integra
also received approval in 2016 for Omnigraft for treatment
of diabetic foot ulcers (DFUs). Their products comprise a
slowly degrading dermal component derived from bovine
collagen and chondroitin-6-sulfate and a silicone layer,
which functions as a provisional epidermis (119). With the
scaffold in place, resident cells from the adjacent dermis
migrate into the matrix to deposit collagen and support
neovascularization. The silicone layer controls water vapor
loss, provides a flexible adherent covering, and is removed
following dermal regeneration and replaced by an autolo-
gous epidermal graft for final wound closure (31, 193).

Integra has demonstrated efficacy and safety in patients
with primary full-thickness or deep partial-thickness burn
injuries. In studies of primary burn wounds, the neodermis
is formed within 2-3 wk after application, after which the
silicone is removed and an epidermal autograft placed (75).
In addition to favorable clinical outcomes, a major advan-
tage of Integra is that its temporary silicone layer provides
immediate coverage of the wound after excision, allowing
allografting to be delayed. Moreover, it has excellent bio-
compatibility and an extended shelf-life. However, when
compared with other available skin substitutes, Integra has
been shown to induce a greater foreign body response due
to it being a chemically cross-linked material. Unlike other
non-crosslinked human skin derivatives, the scaffold must
be cleared by macrophages for ECM proteins to be depos-
ited (420). Therefore, a strong preference for Integra over
other available human skin substitutes demands additional
clinical evidence.

2. Epifix

Epifix (MiMedx Group Inc., Marietta, GA) is a dehydrated
Human Amnion/Chorion Membrane (dHACM) allograft
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derived from the placenta. Physiologically, the amniotic
membrane holds the developing fetus and amniotic fluid
and grows and remodels the ECM over the term of preg-
nancy (1). This process is mediated by paracrine growth
factors that are secreted by the membrane. Microscopic
analysis of dHACM confirms that defined amnion and cho-
rion layers identical to those found in the amniotic mem-
brane are maintained and that the allograft comprises a
layer of epithelial cells, basement membrane, and an avas-
cular connective tissue matrix (222). Numerous ECM pro-
teins, growth factors, and cytokines known to enhance
healing, modulate inflammation, and reduce scar tissue for-
mation are present in and secreted by the allografts, includ-
ing PDGF, basic fibroblast growth factor (bFGF), EGF,
IL-4, IL-6, IL-8, IL-10, and tissue inhibitor of metallopro-
teinase (TIMP) -1, -2, and -3 (223, 224).

Clinically, Epifix has demonstrated efficacy in promoting
the healing of several types of nonhealing wounds resistant
to traditional treatments (116). It has also been demon-
strated that nonhealing wounds that healed after dHACM
treatment did not recur in the long term (367). Additionally,
a prospective randomized controlled trial for the treatment
of DFUs showed an increased incidence of healing in
chronic wounds after 4—6 wk of biweekly treatment of
dHACM compared with standard treatment (482). To-
gether, these clinical results support that dHACM is an
effective treatment for wound healing, particularly in the
context of chronic wounds.

3. UASIS

OASIS Wound Matrix (Cook Biotech, West Lafayette, IN)
is a 0.15-mm-thick nonchemically crosslinked cellular bio-
material derived from porcine small intestine submucosa.
The material consists primarily of collagen-based ECM but
also includes ECM components such as GAGs and fi-
bronectin (278) as well as growth factors including FGF-2,
TGF-B, and VEGF (186). It has been cleared for use by the
FDA since 1998 and has shown efficacy in multiple preclin-
ical models. Advantages include immediate availability and
a shelf life of 2 yr with storage at room temperature (186).

The main indication for the use of OASIS is ulcer treatment.
In a randomized controlled study in 120 patients with
chronic venous ulcers, it was shown in combination with
compression therapy to result in significantly more healed
wounds (55%) compared with standard care (34%) (278).
Patients with mixed arterial and venous ulcers who were
treated with OASIS saw a significantly higher rate of com-
plete wound closure (82%) compared with 46% of ulcers
treated with Hyaloskin (Apeldoorn, The Netherlands), a
pure hyaluronic acid dermal matrix, with a reported reduc-
tion in pain (341). In a separate study, OASIS has also been
shown to effectively treat diabetic ulcers, with 49% of
wounds healing after 12 wk compared with 29% of ulcers
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treated with Regranex (Smith and Nephew, Fort Worth,
TX), a PDGF-BB gel (290).

4. Alloderm

Alloderm (Allergan, Dublin, Ireland) is a nonchemically
crosslinked acellular dermal allograft processed from do-
nated cadaveric skin. Processing removes cellular, infec-
tious, and antigenic components (370), resulting in a der-
mal matrix comprised of collagen bundles and an intact
basement membrane, retaining necessary biochemical and
structural components to facilitate new tissue regeneration
while avoiding immunogenic rejection. The matrix is typi-
cally freeze-dried, allowing for storage at room temperature
for several months. A minimally invasive, injectable for-
mula of Alloderm also exists, marketed as Cymetra (Aller-
gan) (361).

Alloderm is used as a dermal substitute in deep partial- and
full-thickness burn wounds to improve the take of succeed-
ing autologous split-thickness skin grafts (433). In patients
with full-thickness burns, Alloderm effectively supports si-
multaneous application of overlying meshed split-thickness
skin autografts and exhibits host cell infiltration and neo-
vascularization of the allograft, with reduced scarring and
contracture of the wound that is commonly observed dur-
ing allografting. In addition to simultaneous grafting, Allo-
derm has been successfully used in other procedures, includ-
ing repair of facial soft-tissue defects (4); prosthesis breast
surgery (282); pelvic, abdominal, and chest wall reconstruc-
tion (41); lip augmentation (415); and hernia repair (38).

B. Cell-Based Therapies for Enhanced
Wound Healing

Despite significant progress in growth factor-based thera-
pies and bioengineered skin grafting, half of chronic
wounds that persist for more than a year do not respond to
treatment. Cell-based therapies offer a promising avenue
for rescuing wound healing defects. Some of the more
promising therapies are discussed below.

1. Epicel

Epicel (Genzyme, Cambridge, MA) is a cultured epidermal
autograft indicated for the treatment of deep dermal or
full-thickness burns covering a total body surface area
(TBSA) greater than or equal to 30%. It comprises sheets of
autologous keratinocytes that are supported by petrolatum
gauze, which is removed 1 wk after grafting (46). Epicel was
the first commercially available skin substitute and a signif-
icant advance in the treatment of burns (157).

Clinical studies suggest that Epicel is most effective in the
treatment of severe burns with a high TBSA. In a study of 30
patients with extensive burns (TBSA >60%), Epicel suc-
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cessfully provided permanent burn coverage of a mean of
26% TBSA, representing a take rate of 69% (46). However,
in a 5-yr clinical study of 28 burn patients with a mean
TBSA of 52.2%, Epicel had a mean take of 26.9% of the
grafted area (457). Treated patients did not experience sig-
nificantly different mortality, hospitalization time, and
number of autograft harvest compared with the untreated
matched control population, suggesting that Epicel is in-
consistent and may be most useful as a temporary wound
dressing. Other known disadvantages of Epicel include its
mechanical fragility, hyperkeratosis, contracture, and scar-
ring (429).

2. Apligraf

Apligraf (Organogenesis, Canton, MA), also known as
Graftskin, is a bilayer material in which neonatal keratino-
cytes are seeded onto a dermal layer consisting of bovine
type I collagen gel seeded with neonatal fibroblasts (455).
Similar to other products, the membrane produces cyto-
kines and growth factors that promote wound healing
(150). Additionally, the cells are only transiently present,
disappearing after a month, reducing the risk of immune
rejection (314). Apligraf can be applied every 4-6 wk and
stored at room temperature, although its shelf life is only 5
days. In addition to its short shelf life, disadvantages include
its fragility, presence of allogeneic components, and high
cost (368, 370).

Apligraf is FDA-approved for the treatment of chronic ve-
nous and diabetic leg ulcers (306). When combined with
compression therapy, Apligraf treatment doubled the num-
ber of healed wounds at 6 mo in chronic venous ulcers
(107). Fifty-six percent of patients with chronic diabetic
foot ulcers treated with Apligraf reached complete healing
by 12 wk compared with 38% in the control group treated
with moist gauze dressing. Apligraf has been reported to
accelerate healing of several other types of wounds, includ-
ing surgical wounds (99), full-thickness burns (174), and
epidermolysis bullosa (106).

3. Dermagraft

Dermagraft (Organogenesis, Canton, MA) is a cryopre-
served monolayer dermal substitute consisting of absorb-
able PLGA scaffold seeded with neonatal dermal fibroblasts
(68). During the manufacturing process, the fibroblasts pro-
liferate to populate the scaffold and secrete collagen, ECM
proteins, growth factors, and cytokines, resulting in dy-
namic human tissue (171). It was first approved by the FDA
for the treatment of full-thickness DFUs, but its wound
healing properties have been demonstrated in several indi-
cations, including epidermolysis bullosa (371) and nonheal-
ing surgical wounds (206).

The primary indication for Dermagraft treatment is chronic
lesions, such as diabetic ulcers. In a prospective randomized

trial, the efficacy and safety of Dermagraft were demon-
strated in the treatment of DFUs. Patients with chronic
DFUs who were treated with Dermagraft exhibited a higher
percentage of healed wounds (30%) compared with pa-
tients treated with standard of care (18.3%) and experi-
enced a faster time to complete wound closure (261). Fi-
nally, nonclinical data have demonstrated the proangio-
genic properties of Dermagraft, indicating a mechanism of
action that supports its wound healing applications.

4. Grafix

Unlike EpiFix, which is a decellularized and dehydrated
human amnion/chorion membrane allograft, Grafix (Osiris
Therapeutics, Columbia, MD) is cryopreserved and thus
contains all of the cellular components of fresh amniotic
membrane including neonatal fibroblasts, MSCs, and epi-
thelial cells that are necessary to coordinate wound healing,
as well as growth factors and proteins that control scarring,
the microbial response, and angiogenesis (18, 34). The pres-
ence of MSCs is unique to Grafix among wound healing
products. The cryopreservation process used to process
Grafix results in >80% cell viability post-thaw (34), com-
pared with less than <50% cell viability using previous
methods to recover endogenous cells from placental mem-
branes following cryopreservation. Grafix is FDA approved
and indicated for treatment of acute and chronic wounds,
including DFUs, venous leg ulcerations (VLUs), pressure
ulcers, burns, and epidermolysis bullosa (139).

Grafix has been demonstrated to be safe and effective in two
clinical studies (232, 328). In a multicenter, single-blinded,
randomized controlled trial of 97 patients, Grafix was
shown to be significantly more effective than the standard
of care in the treatment of chronic DFUs (232). Sixty-two
percents of patients who received Grafix treatment achieved
complete wound closure after 12 wk compared with 21.3%
of the control group. Moreover, a greater percentage of
patients treated with Grafix (62%) saw at least a 50% re-
duction in wound size by day 28 compared with patients
receiving standard of care (40.4%). Patients in the treat-
ment group also experienced significantly fewer wound-
related infections (18.0 vs. 36.2%). In a second large, ret-
rospective single-center study of 66 patients with different
types of wounds (27 DFUs, 34 VLUs, 6 other), data for all
wound care patients receiving at least one Grafix treatment
were collected through chart review, including 74.6% of
wounds that had failed to heal using other advanced thera-
pies (328). 76.1% of all wounds treated with Grafix
achieved closure with a mean healing time of 5.8 wk and an
average of 3.2 applications in wounds that healed. No ad-
verse effects were reported, and there were no wound recur-
rences during an average follow-up time of 20.4 mo.

Compared with the results of other large clinical trials of
cell-based products, Grafix has exhibited the greatest effi-
cacy of any therapeutic to date, with treatment benefiting
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healing of many types of chronic wounds in addition to
DFUs, including in difficult-to-treat patient populations.

Despite the promise of current cell-based therapies, they are
only moderately effective in correcting chronic wounds.
While cell-based therapies are better than the standardized
treatment of diabetes or age-related wounds, the products
currently available lead to complete healing in only ~50%
of patients following 12 wk of treatment (87, 261). Al-
though these therapies are evidence-based, many of the tri-
als exclude patients with multiple medical comorbidities,
especially the elderly diabetic population because of a con-
cern for poor compliance or the possibility of increased side
effects (153, 244). This limits their usefulness in the patients
that need them the most.

V. UNRAVELING CELLULAR
HETEROGENEITY AND DEVELOPING
THERAPIES USING SINGLE CELL
TECHNOLOGIES

The foundation of our understanding of the cellular mech-
anisms in wound healing has been built on combining RNA
or protein from thousands of cells and displaying aggregate
expression of replicate samples. Techniques such as poly-
merase chain reaction (PCR), microarrays, and Western
blotting have unraveled transcriptional networks, signal
transduction pathways, and cellular metabolism, which has
developed our knowledge of skin repair and disease. How-
ever, the assumption while using these techniques is that the
average cellular output represents the dominant biological
state of the cells. In wound healing and in several other
regenerative states, this assumption is flawed since there are
several cell types that work in unison, including rare cells
such as stem cells. Moreover, the cells undergo phenotypic
and functional changes based on the temporal nature of the
wound in response to the altering wound microenviron-
ment. Population averages are unable to capture these di-
verse subsets, especially the activity of stem cells. Thus in-
terrogation of cellular heterogeneity is important in under-
standing disease progression and for designing targeted and
effective therapies.

With the evolution of single cell technologies, it is possible
to thoroughly evaluate individual cells and understand their
role in repair. Additionally, single cell technologies allow
for analysis in an unbiased manner, without the use of
markers a priori. These technologies provide information
about transcript expression, gene fusions, mutations, or sin-
gle-nucleotide polymorphisms within each cell. Outlier cells
are not considered errors in measurement by default, but
can for the first time be verified for a unique function. More-
over, cellular heterogeneity can be analyzed by clustering
the single cell data into subpopulations of cells. It is possible
to identify differences in gene expression, cellular morphol-
ogy, survival, motility, proliferation, metabolism, and re-
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currence potential. Single cell technologies have also made
it feasible to detect mutational burden and the temporal
order of mutations (268). Thus identifying cellular sub-
populations has several implications for understanding skin
homeostasis, repair, and disease.

Accuracy, precision, and comprehensiveness currently de-
termine which single cell technique to select to answer the
biologic question. Most technologies do not offer all three
attributes. Accuracy is the measure of certainty or validity
that the measured value is close to the true value (466).
Precision is the ability to replicate or reproduce a measure-
ment. High precision is associated with a narrow distribu-
tion of values (466). Comprehensiveness or sensitivity is the
amount of information obtained from each cell (466, 487).
In addition to these three criteria, considerations such as
cost efficiency, sample-size effects, and false discovery are
important in determining the single cell technique that will
be used for analysis (467, 487).

In wound healing as in other tissues and regenerative states,
single cell technologies can 1) distinguish between seem-
ingly similar cells, 2) identify cellular subsets, and 3) isolate
each subset based on distinct surface markers (200). These
technologies can also be translated to identify cells for ther-
apy, develop cellular products, and conduct quality control
of the cell therapies generated. For example, single-cell
RNA sequencing can detect more than 5,000 genes/cell
(140) and offers comprehensiveness. While this allows for a
thorough understanding of skin biology, the massive
amounts of information generated from the RNA of a single
cell and subsequent computational analysis of the vast in-
formation may compromise accuracy when designing cell-
based therapies that will be applied to patients. Single-cell
multiplexed qPCR on the other hand is not as comprehen-
sive, and primers for a select number of genes must be
selected for probing against a single cell, which can bias
analysis towards the genes chosen. However, single-cell
qPCR has been shown to have greater accuracy and preci-
sion.

Once the data from the single cell assays are obtained, they
are combed to determine combination of surface markers
which best define cells within the healing wound with tran-
scriptional profiles of interest (377a). These cells can then
be isolated by their unique surface marker combinations for
functional wound healing assays. Several cell types have
been discovered in healing wounds using these technologies
in the skin including scar-forming fibroblasts in the skin and
growth factor releasing ASCs from the subcutaneous adi-
pose tissue (330, 335). The subset of ASCs displays a higher
proliferation and survival ability in the wound, with a bet-
ter growth factor release profile. Importantly, these cells do
not demonstrate toxicity and can revert the time of healing
to normal wounds when applied to murine wounds (330).
Thus single cell technologies can be extended to determine
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the heterogeneity within several other cell types within the
wound, particularly fibroblasts and immune cells. They can
also be used to identify novel stem and progenitor cells
during discrete phases of repair so that these cells can be
isolated and bioengineered for therapeutic application.

VI. DISCUSSION AND CONCLUSIONS

The skin is the ideal organ to study cellular heterogeneity
and stem cell function in homeostasis, wound repair, and
disease owing to its large surface area and ease of tissue
isolation. Human skin in homeostasis can be studied by
obtaining samples which otherwise are discarded following
various surgical procedures. Acute wounds can be analyzed
by isolating tissue from burn patients and trauma surgeries,
while chronic wounds can be studied by analyzing debrided
specimens from pressure ulcers, venous leg ulcers, diabetic
foot ulcers, or sickle cell ulcers. The cellular and molecular
signaling in homeostasis, acute wound healing, and chronic
wound healing can then be compared to determine the
mechanisms underlying normal tissue repair and aberra-
tions that occur in disease. The robust discovery of these
mechanisms in the skin can be used as a model system for
other tissue types and can also be compared with cellular
mechanisms in other tissues to generate a reliable cell atlas.

It is well-established that the skin in the uninjured state has
several resident cell populations, both immune and nonim-
mune. It is also known that these resident cells are activated
at precise temporal stages during wound repair. The resi-
dent cells recruit circulating cells from the bone marrow
which have definite roles in wound healing. However, the
mechanisms that underlie these cellular processes remain
unclear. The complexity in the cellular milieu leads to sev-
eral confounding questions. Each of the resident cell sub-
populations may have subtypes that preferentially respond
to different wound signals. It is unclear if the subtypes arise
from the same source in the adult tissue or have different
sources, some of which persist from the time of fetal devel-
opment.

There are questions about cell-cell interactions, specifically
how the resident cell types and subtypes interact with each
other and with circulating cells in the wound environment.
Furthermore, circulating progenitor cells are elusive and
their presence has been contested. It is important to under-
stand the role of these cells in wound healing and what
happens to these cells once wound healing resolves. There
are also considerations of how surrounding factors such as
changes in mechanical forces, oxygen availability, and in-
fection can affect cellular function in wound healing. Addi-
tionally, there might be stem cells and progenitor cells in the
skin that remain undiscovered.

These questions cannot be answered by analyzing the entire
wound by traditional population-averaging techniques due
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to the multitude of cell types, each activating distinct sig-
naling pathways. Isolating known cell types from the
wound tissue by immunostaining with surface markers, fol-
lowed by population analyses, may not be helpful either
since the cellular populations isolated may contain various
subsets with very different functions, or may consist of stem
cells with outlier functions. For example, the late stage of
inflammation in wound healing overlaps with the early
stage of angiogenesis. Macrophages isolated at this stage
contain both subsets that are performing efferocytosis and
those subsets that are releasing growth factors for new ves-
sel formation. Any population assay conducted on this wide
group of macrophages would skew results in favor of the
larger macrophage subset. Similarly, if all fibroblasts are
isolated and analyzed as one group of cells, it is impossible
to decipher which subsets are preferentially becoming myo-
fibroblasts, forming adipocytes, or signaling to epidermal
cells.

Stem cell diversity and function within the epidermis and its
appendages are some of the most well-studied in the body,
most likely due to the ease of isolation of the tissue. Lineage
tracing in animal models when combined with computa-
tional analysis of large single-cell data sets has been an
important advancement in identifying these rare cells. The
single-cell data sets have been generated by both transcrip-
tional and proteomic assays. High-throughput RNA se-
quencing has been a revolutionary technology and can com-
prehensively characterize rare cell subsets. It is also fasci-
nating that stem cells that are unipotent in homeostasis can
take on multipotent functions during wound healing. Such
mechanisms of healing and regeneration can be extended to
identify and study stem cells in other organ systems.

While clinical trials with cell-based therapies have not been
successful in several other organ systems, there are several
cell-based therapies available that can enhance wound heal-
ing. The large surface area and accessibility make it possible
to target delivery of cell-based therapies to the skin. These
therapies have been used to enhance both acute and chronic
wound healing and provide level 1 evidence that cell-based
therapies can be effective.

Most cell-based therapies currently available use heteroge-
neous populations of keratinocytes, fibroblasts, or mesen-
chymal stromal cells. A robust method of developing more
effective cell-based therapies would be to use subsets of
these cells that have enhanced wound healing profiles. Ac-
curate and precise single-cell approaches such as multi-
plexed single-cell qPCR can identify and isolate these im-
portant cell subsets. While single-cell gPCR cannot generate
large data sets compared with those obtained from RNA
sequencing, the smaller data sets of reliable information can
aid decision-making from a clinical perspective. Another
advantage of designing cell-based therapies for wound heal-
ing is that there are reliable and reproducible models of
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wound healing in both small and large animals, which can
be used to test the preclinical effectiveness of the therapies
before application on the patient.

Ultimately, a thorough discovery of 1) cellular diversity and
function in wound healing and 2) cellular alterations in
impaired wound healing states will define our understand-
ing of skin biology. The identification of cell surface mark-
ers to isolate the most effective cells for wound healing will
aid in generating effective therapies for any skin injury.
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